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Electrostatic sample preparator for infra-red spectroscopy of powders 


H. F. Hazeprork 
Koninklijke/Shell-Laboratorium, Amsterdam 
(N. V. De Bataafsche Petroleum Maatschappij) 


(Received 29 September 1958) 


Abstract—An apparatus has been developed for the preparation of homogeneous durable 
powder films of selected particle size on substrates of various materials. The preparation 
technique is very simple and is based on elutriation of powder samples with an inert gas, 
followed by electrostatic precipitation of the particles. 

A description of the instrument is given and its performance is discussed. Application of 
this technique has proved to be especially valuable for infra-red spectroscopic studies of 
catalysts. 


Introduction 


In the study of solid materials by means of molecular spectroscopy special 
techniques for preparation of the samples are often required, as thin, optically 
homogeneous slices of the material cannot always be obtained. Most of these 
techniques are based on the preparation of a homogeneous, finely dispersed 
suspension of the material in a transparent medium. The refractive index of the 
latter should be matched as closely as possible with that of the material in order 
to suppress radiation losses by scattering. These methods are of particular interest 
in infra-red absorptiometric analysis 1, 2, 3]. 

These embedding techniques are not suitable, however, in particular cases such 
as the study of chemisorption phenomena, where the powder has to be freely 
accessible to the substances to be adsorbed. 

Several investigators [4, 5] have described the preparation of powder samples 
based on sedimentation in liquids, followed by removal of the liquid. This 
technique, besides being cumbersome, has other disadvantages like poor control of 
layer thickness and low mechanical strength of the powder layer, causing a low 
durability in high-temperature treating. 

In the present paper an instrument is described by which it is possible to 
prepare fairly strong, uniform and highly reproducible powder layers upon diverse 
substrates. 

The apparatus which we have called “‘selectrostatic precipitator’’ has been a 
valuable asset in our infra-red work for several years. 


Principle of the selectrostatic preci pitator 
The apparatus performs two essential operations: (a) the selection of the 
required particle dimensions by elutriation with a stream of nitrogen—or other 


H. M. Ranpatr, N. Fuson, R. G. Fowrer and J. R. Danese, Infra-red Determination of Organic 
Structures. Van Nostrand, New York (1949). 

M,. M. Stimson, Anal. Chem. 23, 1050 (1951). 

U. Scmtept, Z. Naturforsch. 76A, 270 (1952). 

R. L. Henry, J. Opt. Soc. Am. 38, 775 (1948). 


J. M. Hunt, M. P. WisHerp and L. C. Bonnam, Anal. Chem. 22, 1478 (1950). 
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inert carrier gas—passing a fluid bed of the finely powdered solid; (b) the charging 
and subsequent coagulation of the particles from this gas stream by nearly purely 
“electrostatic” precipitation upon a collector. 


Fig. 1. Preparation column of 
selectrostatic precipitator 


The charging process is different from that occurring in electrical gas purifica- 
tion techniques (e.g. Cottrell process) as no self-sustaining corona discharge 
between the electrodes is produced. As a consequence the collector may be made 
of metals but also of poor conductors like most optical crystals used in infra-red 
work. 

The apparatus 

A longitudinal section of the preparation column is shown in Fig. 1. The finely 
powdered sample is introduced, according to the quantity available, into one of 
the stainless steel containers (1. 1’). 
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Electrostatic sample preparator for infra-red spectroscopy of powders 


Both containers, of which the small one is removable, are provided with a 
sintered porous bottom (2, 2’) and are suspended in beryllium bronze bellows (3). 
An electromagnet fed by a 50 c/s a.c. is used to set the bellows into continuous or 
periodically interrupted vibration. 

The neck of each container may be closed by an isoprene-rubber membrane (4) 
which is clamped between flat stainless steel rings by means of the milled nut (5), 
thus providing a flexible and gas-tight connexion between the lower and the middle 
section of the column. 

The combined action of mechanical agitation and the “blowing-up” of the 
powder by the gas flow led into the lower section at (6) causes fluidization of the 
powder, resulting in a satisfactory yield of entrained particles. 

In the cylindrical section (7), consisting of Pyrex glass (any corrosion-resistant 
metal may also be used), the gas velocity is lowered and reaches a constant value. 
Consequently all particles of a size exceeding certain critical dimensions, depending 
on their density and on the nature and velocity of the gas, settle out, whereas the 
smaller ones reach the metal screen (8) which is held constantly at earth-potential 
via connexion (9). 

The gas flow rate, controlled by a needle valve placed before the inlet at (6), is 
measured by means of a sensitive rotameter after the gas has passed a glass filter 
connected to (10). In order to prevent electric charging of the glass walls (7, 11) 
these are metallized inside and connected to earth by way of the tungsten—glass 
seal (12); for the same reason (13) is held at zero potential. 

The metal screen (8) may have various shapes, but is most conveniently 
constructed from exactly flat, circularly stretched small-mesh wire netting of 
stainless steel. 

A rotating electrode (14) carrying the collector by means of three small 
isolating clamps (15) is placed exactly parallel to the screen; the collector can be 
easily disengaged by pushing the shaft (16) inwards into the cylindrical electrode 
(14). In order to avoid the decomposition of silver chloride collectors, which are 
sometimes used, the contacting surface (17) has been silvered. 

The shaft of the rotating electrode fits with high precision in its slide-bearings; 
gas leakage is completely avoided in this way. The same holds for the brass 
tapered greaseless plug (21) fitting in the Pyrex mantle (20). This plug is auto- 
matically earthed if the collector is connected to the high-tension source via (22) 
and the rotating anti-corona contact (18). Strong curvatures on edges have been 
avoided on all other parts subjected to high tension. 

Tufnol (19) and polytetrafluoroethylene (23, 24) were used as isolating materials. 

The high-tension source applied makes use of a small balanced voltage multi- 
plier circuit (cascade-generator) comprising eleven full metal rectifier—multiplier 
sections MR, to MR,, and two half-sections MR, and MW R,, as shown in Fig. 2. 
An ordinary 50 c/s 350-0-350 V transformer fed from the mains is used as a 
primary source. The generator output is + 10,000 V with respect to earth at a 
load of about 120 wA; the output voltage is controlled by the variable auto- 
transformer V, 

Fig. 3 shows the mounting of the preparation column, rotameter, needle valve 
and other control instruments. The spotlight galvanometer is not necessarily 
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required in this equipment but it is occasionally used to make sure of the absence 
of point discharges.* The high-tension generator, transformers, power supply for 
the motor, bleeder- and bounding-resistances have been placed behind the panel. 


Fig. 2. Basic cireuit and components used for high- 


“en tension supply. 
«we. C,-Cy_ = 025 pF; 2000 V d.c. working 
Cy, = 0-06 wF; 12 kV d.c.working 
, = 200 MQ 
4 TO SCREEN 


verse V 000 V 
MR,, MR,, | Max. peak inverse voltage 1000 \ 
cman | Max. current output 2mA 
| Max. peak inverse voltage 2100 \ 
| Max. current output 2mA 


MR,-MR,, 


Mechanism of precipitation and charging 

As mentioned already, no self-sustaining discharge is produced between the 
electrodes; electric currents occur only during the precipitation of particles. The 
currents were measured by the rate of charge of a capacitor using a sensitive 
electrometer? connected to the screen. 

In order to trap electric charges (due to any possible corona effects) leaking 
along the glass wall (Fig. 1, (20)) to the screen, the lower constriction of the Pyrex 
mantle was metallized and earthed. 

With a silica-alumina catalyst as the powder sample, the currents measured at 
a rate of mass transport of a few milligrams per hour were of the order of 10-' A 
at a particle size (nearly spherical shape) of about 3 4. In this experiment the 
potential difference applied was 8000 V and the spacing between the 6 mm thick 
rocksalt collector and the screen was 8 mm. 

Replacement of the collector by a metal disk did not increase these currents; 
apparently the effective electric resistance of the rocksalt plate (which would be 
mainly due to surface resistivity) was appreciably lower than 10'*Q. Currents of 
the same order of magnitude were found when iron powder and a glass collector 
were used. 

The particles are probably charged by two different mechanisms: 


(1) Charging by mutual contact of the particles in the fluid bed 


According to HANSEN [6], dusts of quartz and sulphur particles become highly 
charged by frictional contact with surfaces of the same material; charges of both 
signs appear to be present in the dust cloud. 


* The generation of a point discharge, as may sometimes occur by the presence of a small fibre 
sticking to one of the electrodes, causes damage to the homogeneity of the powder films. 
+ Vibrating capacitor type (d.c. input resistance 10"* (2) 


(6) J. W. Hansen, Phys. Rev. 72, 741 (1947). 
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Fig. 3. Mounting of the preparation column and control instruments, 


(b) 


Fig. 4. Part of a screen (a) and powder image (b obtained by the precipitation of zine dust 
on a stationary glass collector. 
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Fig. 5. Powder lavers prepared by selectro-precipitation and adaptor for small disks, 
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Fig. 6. Infra-red transmission of powdered quartz in the 2-5-15 ft wavelength region. 


Powder film obtained bv selectro precipitation on rock salt (particle diameter 1). 
The same partic le*frac tion, dispersed in a K Br pellet (small bands inthe region upto 1400 em") 
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Electrostatic sample preparator for infra-red spectroscopy of powders 


This mechanism will mainly occur if the surface conductivity of the particles is 
very low. 


(2) Charge transfer by contact to the screen 


The field in the immediate surroundings of the wires is strongly inhomogeneous, 
therefore even initially neutral particles passing the screen will move towards it 
and pick up a negative electric charge which causes them to travel to the collector. 

Fig. 4 shows the image of a 100 mesh/in. screen on a stationary glass collector, 
obtained by the precipitation of zinc dust. 

Uniform rotation of the collector causes a superposition of such images 
resulting in a homogeneous layer, provided the screen is not too coarse (Fig. 5). 
The electric charges obtained by the particles were found to be surprisingly high. 
If the dimensions and density of the particles, the total transport of electric 
charge and the weight increase of the collector were taken into account, the 
experiments with the silica-alumina compound roughly indicated charges per 
particle as high as 1 « 10‘ to 2 x 10‘ electronic charges for particles about 3 y in size. 
Such electric charge densities cause high accelerations* of the particles in the 
electric field, resulting in velocities amply sufficient to cause close contact on 
impingement on the collector. As a result strongly cohering films are produced. 
Multi-layers of powders thus prepared appeared to be durable at temperatures as 
high as 500°C in vacuo if they were suspended upside down. 


Results 
Powder layers permitting the recording of infra-red spectra were prepared by 
this apparatus for a great variety of materials. Among these were various catalysts, 


mineralogical samples and synthetic resins. 

The quality of the spectra is dependent to a large extent on the fineness of the 
powder and on the optical properties of the particles. As an example an infra-red 
absorption spectrum of a quartz film prepared by the method described is shown 
in Fig. 6. The quartz particles (upper size limit 1 ~) were collected on a rocksalt 


plate. 

For comparison a second record was made of a pellet prepared by the potassium 
bromide pressed disk technique. 

The quartz particles, before being dispersed in the KBr powder, were first 
collected on a metal disk by selectro-precipitation under the same conditions as in 


the first case. 

The remarkable difference in character between the strong Si—O stretching 
bands near 1100 cm~ in the two records is probably due to the different wave- 
length dependence of the refractive index of the absorbing system in the two cases. 


The author is indebted to Dr. C. La Lau and Ir. A. J. N. van WisK for helpful 
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The energy of a hydrogen bond by infra-red spectroscopy* 
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Abstract —Intensity measurements at different temperatures on the hydroxy] stretching absorp- 
tion band are used to determine the energy of the hydrogen. bond formed between a substituted 
cyclohexanol (trans-dihydrocryptol) and a cyclic ether (dioxan) in tetrachloroethylene solutions. 
Allowance is made for the temperature variation of the intensity of non-bonded hydroxy] groups 
and the hydrogen bond energy found is 3-2 + 0-3 kcal/mole. 


Introduction 

CouLson [1] and Cannon [2] have recently reviewed in detail many of the theo- 
retical and practical aspects of the hydrogen bond, and the former gives a summary 
of approximate energies of hydrogen bonds ranging from 2-3(N 

7(F— F) keal/mole. Most quantitative infra-red studies on hydrogen 
bonded systems have been concerned with frequency shifts or with intensities of 
the broad band due to the bonded molecules [3-5], although Francis and Barrow 
[6] have described measurements on both free and bonded hydroxy] groups, while 
intensities of free groups without reference to hydrogen bonding have been 
reported by a number of workers [7,8]. As part of an infra-red investigation of 


factors determining the stability of different conformations of substituted cyclo- 
hexane alcohols [8.9] a value for the energy of an intramolecular hydrogen bond 
between two OH groups was required and since few such energy values have been 
measured it was decided that a simpler system involving an intermolecular bond 


should be investigated first. For these preliminary measurements we have studied 
the variation with temperature of the absorption due to free and bonded hydroxy] 
groups in solutions containing frans-dihydrocryptol(l) and dioxan(II). This 


* Publication No. 195, Department of Chemistry, University of Western Australia. 
Cc. A. COULSON, Re search 10, 149 (1957). 
©. G. Cannon, Spectrochim. Acta 10, 341 (1958). 
R. M. BapGer and 8. H. Baver, J. Chem. Phys. 5, 839 (1937); R. M. Baporr, Ibid. 8, 288 (1940). 
J. N. Frven and E. R. Lipprncort, J. Chem. Phys. 24, 908 (1956); J. Phys. Chem. 61, 894 (1957). 
C. M. Hueerns and G. C. Pimenren, J. Phys. Chem. 60, 1615 (1956). 
S. A. Francis, J. Chem. Phys. 19, 505 (1951); Barrow, G. M. J. Phys. Chem. 59, 1120 (1955). 
T. L. Brown, J. M. Sanpri and H. Hart, J. Phys. Chem. 61, 698 (1957); T. L. Brown and M. T. 
LocERS, J. Am. Chem. Soc. 79, 577 (1957). 
. H. Coie, G. T. A. D. W. THornron and R. L. 8. J. Chem. So 
H. Core, P. R. Jerrerres and G. T. A. Micier, Jbid. In press. 
. H. Coie and P. R. Jerrerties, J. Chem. Soc. 4391 (1956); A. R.H. Core, P. R. Jerreries 
A. MULLER, unpublished results. 
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system was chosen because, by keeping the concentration of the alcohol sufficiently 
low to prevent self-association, only one type of hydrogen bonding (as shown) is 
encountered. With the concentrations employed the probability of two alcohol 
molecules bonding to one molecule of dioxan is also negligible, and with this type of 
system it is possible to determine the hydrogen bond energy from measurements of 
the free hydroxyl absorption intensity alone. Further, the isopropyl group is 
sufficiently large to ensure that all the trans-dihydrocryptol is stereochemically pure 
in that it would exist in the conformation (1) with the hydroxy! group equatorial([8}. 


Experimental 

The infra-red measurements were carried out on a Grubb Parsons Model S3A 
single-beam spectrometer equipped with a calcium fluoride prism (double-pass), 
and a Perkin-Elmer thermocouple and no. 81 amplifier. A small chopper, connected 


HEATING BOX 


Fig. 1. 


Absorption cell for measurements at elevated temperatures. 


to the Perkin-Elmer breaker and rectifier assembly by a pair of Muirhead Magslips, 
was placed between the Walsh mirrors, close to the single-pass image. The air in 
the spectrometer box was dried by continuous circulation through activated 
alumina in a Burnett and Lewis ‘‘Humidryer’’, and maintained at 30°C + 0-5°C by 
a heater and thermostat. The spectral slit width at 3620 cm~! was 6 cm~! and to 


minimize instrumental errors all spectra were run at least twice. 

The solvent employed was tetrachloroethylene which, although not transparent 
over such a wide range of the infra-red region as carbon tetrachloride or chloroform, 
has a relatively high boiling point (121°C) and allows measurements to be made 
over a reasonable range of temperatures. The technical grade solvent was dried 
over potassium carbonate and distilled twice through a 25 cm fractionating column 
packed with glass helices. This procedure gave material with an infra-red spectrum 
identical with that of a small sample purified by distillation through a spinning 
band column of 30 theoretical plates. The trans-dihydrocryptol was an analytical 
sample kindly supplied by Dr. P. R. Jerrertes, and A.R. dioxan was purified by 
refluxing over sodium and then fractionating. 

The cell (Fig. 1) consisted of a brass spacer 3-00 mm thick with a copper socket 
for a thermometer on each side and carrying a copper arm which projected into an 
electrical heating coil. Quartz plates, cemented on with Araldite, were used for 
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cell windows and tightly fitting brass stoppers sealed the filling holes. The tempera- 
ture was controlled by varying the current through the heating coil and the 
temperature of the cell contents was taken as the mean of the two thermometer 
readings. At about 95°C the temperature gradient across the cell was 2°C and the 
apparatus could be kept at that temperature for 1—2 hr without loss of solvent or 


dioxan by evaporation. 

For all spectral measurements a background trace of solvent and atmospheric 
absorption was recorded immediately before that of the solution and the latter was 
measured up relative to the former. Weak absorption of water vapour in the 
background and the spectrum of ammonia were used for frequency calibration. 
Intensities of absorption bands were measured by plotting the apparent molar 
extinction coefficient [e = (1/cl) log (7',/7')] against wave number and converting 
to integrated absorption intensities [ A= 1/el { In (J, dv/Z)] by Ramsay’s method 
of direct integration [10]. In calculating ¢, allowance was made for the expansion 
with temperature increases of both the cell spacer and the solvent, although the 
former correction was negligible. 


Results and discussion 


If an equilibrium is set up: 
+ O—R’ = complex 


where O—R’ is a proton acceptor forming a hydrogen-bonded complex with the 
alcohol R—OH, the equilibrium constant K is given by 


K [complex } 
[R—OH][O—R4 

If the concentration of R—OH is small so as to give no self-bonding, and the 
concentration of O—R’ is much greater in comparison, we may assume that: 
(a) the concentration of O—R’ is constant, since only a small proportion of these 
molecules are involved in hydrogen bonding; (b) hydrogen bonding will only be of 
the dimeric type R—-O- O—R’. Then the above expression for K can 
be replaced by 

[complex] (1 — A/A,)ec A, 

| R—OH}] (A/A,)e A 


K = — — A/A,)] 


the total concentration of R—-OH (0-022 moles/!., see below) 
the total concentration of O—-R’ (0-560 moles/l., see below) 


the intensity of the free OH absorption with no hydrogen bonding, 
i.e. in the absence of O—-R’ at the required temperature 


A = the intensity of the free OH absorption in the equilibrium mixture. 


Then the energy of the hydrogen bond system may be measured from the variation 
(10) D. A. Ramsay, J. Am. Chem. Soc. 74, 72 (1952). 
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with temperature of K or K’. Asa test of the approximations above, calculations of 
both equilibrium constants were carried out. 

Since the value of A, is required for calculation of K or K’ at each temperature, 
the first part of the investigation was a study of the temperature variation of free 


Table 1. Effect of temperature on the free hydroxy! 
stretching frequency and intensity. 


Frequency Intensity A, 
(em~!) (1.-mole~! em~*) 


4650 


33-5 3622-5 4550 
43-0 3623 4500 
54:5 3623-5 4400 
66-5 3623-5 4350 
80-0 3623-5 4300 


4150 


hydroxy] absorption in the absence of hydrogen bonding. Lippe. and Becker {11} 
have reported a decrease in the free OH intensity of methanol in chloroform with 
increasing temperature and have suggested that this might be due to the existence 
of a weak type of hydrogen bonding to the solvent. 


20 60 


Fig. 2. Variation of free hydroxy! integrated intensity (A,) with temperature. 


A solution of trans-dihydrocryptol at a concentration of 0-022 moles/l. shows no 
absorption due to self-association at room temperature and this concentration was 
used for all measurements. The free hydroxyl intensity was measured at a number 
of temperatures between 20° and 100°C (Table 1) and the results show a significant 
decrease with increasing temperature (Fig. 2) although not as great as that found 
for methanol by Lipper and Becker for the range —10° to +-50°C. There is also a 
very slight increase in absorption frequency as the temperature rises. It is doubtful 
whether these effects are due to the rupture of a weak type of hydrogen bonding in 
the usual sense of the term, but they are more probably due to a lessening of 


[ll] U. Lipper and E. D. Becker, J. Chem. Phys. 25, 173 (1956). 
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dipole-dipole interaction as the thermal motion of the solute and solvent molecules 
increases. 

For the hydrogen bonding studies a solution of 0-022 M trans-dihydrocryptol 
and 0-560 M dioxan in tetrachloroethylene was studied at temperatures of 25°, 
34°, 68°, 84° and 94°C over the range 3300-3700 cm~!. Since dioxan absorbs 


Pe 94°C 


68 


3600 3500 3400 3600 3500 3400 3600 3500 3400 
WAVENUMBER (cm"') 


Fig. 3. Effect of temperature on the hydroxyl absorption. Full curve, measured spectrum; 
broken curves, bands obtained by graphical separation; dotted curve, free hydroxyl 
absorption (A,) in absence of dioxan. 


slightly in this region, a 0-560 M solution of dioxan in tetrachloroethylene was used 
for recording the background spectrum. It was necessary to run this background 
at each temperature as there are significant alterations in this weak absorption 
of the dioxan with temperature changes. 

Plots of the spectra at 25°, 68° and 94°C are shown in Fig. 3. After graphical 
separation of the free and bonded OH absorption, the free intensity A was calculated 


Table 2. Intensity and equilibrium data 


K 


2450 


34 4560 2690 1-26 0-70 
OS 4340 2900 0-49 
s4 4240 3090 0-67 0-37 


3200 


as before and used with the appropriate value of A, from Fig. 2 to calculate A and 
AK’. The results are summarized in Table 2. Values of log A and log K’ are plotted 
against 1/7 K) in Fig. 4 and the slopes of these lines determined by least squares 
give a value of 3-2 + 0-3 kcal/mole for the energy of the hydrogen bond. It is 
clear that, since A and A’ only differ by a factor which is very close to 1/0-560, the 
slopes of the two graphs in Fig. 4 should be identical and hence the approximation 
via A’ is quite satisfactory for the energy determination. 
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The value obtained for the energy lies within the range quoted by CouLson 
and appears reasonable when compared with the value of 6 kcal/mole given for the 
O— © system in ice. 


3-2 

10"/ 
Fig. 4. 
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Abstract—The nitrile frequency displacements relative to the vapour are substantial but almost 
independent of solvent. The intensities are conversely very solvent-dependent, those in chloro- 
form bemg for example over twice those in tscoctane. Neither effect is explained by current 
theoretical treatments. The authors suggest that the high local field of the CN group may 
modify solvent properties. The CN intensity in the aromatic nitriles is greater than in the 
aliphatic, and the intensity ratio between benzo- and phthalonitrile is accounted for by the 
Hammett o-factor. The empirical solvent sequence found by Arcuipatp and Puno for CO 
frequencies is also valid for CN intensities, which when plotted solvent by solvent correlate 
linearly with each other and also with CO frequencies. The same correlation exists approxi- 


mately for CN freque neces 


Introduction 

THIS paper reports part of an investigation of solvent effects on the frequency and 
intensity of typical group vibrations in the infrared. The C==@N vibration has been 
the subject of a number of recent papers, for example those of GALLO and Senst[1}, 
Tompson ef al.{2,3), Lirrert ef al.[4, 5) and of Brown[6). However, these authors, 
although using several solvents, have directed their work mainly towards 
the way in which the spectrum of an aromatic nitrile is affected by the inductive 
effects of substituent groups. On the other hand we have attempted to concentrate 
our attention on the physical effect of the solvent, and have therefore chosen to 
study two aliphatic and two aromatic nitriles in common solvents which cover a 
reasonably wide range of properties such as refractive index, dielectric constant 
and dipole moment 

While the manuscript was being prepared, we were made aware by BeLLamy [7], 
and by the recent paper of ArcuIBaLp and PuLuiry[8}, of the fact that it is possible 
in many cases to put solvents in a single order or sequence which expresses their 
relative effects on the frequencies and intensities of a variety of solute infra-red 
bands. It will be seen that this sequence holds for the nitrile intensities, and that 
its validity for the frequencies is partly overshadowed by a complicating factor 
which we suggest is the high local field of the C=zN group. 

* Publication No. 189, University of Western Australia 

* Present address: Canadian National Research Council, Ottawa. 
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Solvent effects on the infra-red frequency and intensity of the nitrile vibration 


Experimental 


Materials 


Acetonitrile (May & Baker) was freed from acetamide and water by refluxing 
and fractionating over phosphorus pentoxide. 

Propionitrile was prepared by heating propionamide with phosphorus pent- 
oxide, and distilling and then fractionating the nitrile over phosphorus pentoxide. 

Benzonitrile was prepared from benzamide and phosphorus pentoxide. After 
washing with aqueous sodium carbonate and then water, it was dried and 
fractionated over phosphorus pentoxide. 

Phthalonitrile was prepared from phthalamide and acetic anhydride. After 
steam distilling it was filtered and dried. 

The solvents were carefully purified by standard methods, and the purity of all 
materials except phthalonitrile was checked by measurements of boiling point, 
refractive index and density. Good agreement was obtained with values from the 
literature [9], the deviation in refractive indices and densities being never greater 
than 3 parts in 10,000. Phthalonitrile melted at 140°C. 

The spectrometer was the Grubb Parsons instrument described previously [10], 
fitted in this case with the calcium fluoride prism and single-pass optics. Frequency 
calibration was carried out with hydrogen bromide {11| and carbon monoxide [12]. 
We estimate the slit width at 3 cm~' from the resolution of the rotational lines in 
the gas spectra. 

The solution spectra were measured in cells with sodium chloride windows and 
with path lengths of 0-2, 1-3, 3 and 10 mm, the cell length being measured micro- 
scopically in each case to within +-1 per cent for the shortest cell and to within 

-0-5 per cent for the others. The solutions were made up by weight and ideal 
mixing was assumed in the calculation of the volume concentrations. These were 
between 0-1 M and 1-0 M and were chosen to give transmissions between 30 and 
50 per cent [13]. For each nitrile, duplicate measurements were made on each of 
three solutions of different concentration. 

The spectra were measured at intervals of 2cm~'. The apparent molar 
extinction coefficient [14] was plotted against wave number, and the area under the 
curve found by Simpson's rule, the integration extending 40 cm~' on either side of 
the maximum. Corrections for the finite slit-width amounting to less than | percent 
and for the wings amounting to about 10 per cent, were made using respectively 
method II and Table V of Ramsay [14]. The acetonitrile band was resolved 
graphically from the less intense band at 2290 cem~'[15]. Each of the other 
nitriles gave an almost symmetrical band and no resolution was attempted. 

The vapour spectra for frequency comparisons were recorded in longer cells 
which were heated in the cases of propionitrile and benzonitrile. No attempt was 
made to record the gas spectrum of phthalonitrile. 

0) J. Timmermans, Physico-Chemical Constants of Pure Organic Compounds. Elsevier, Houston, Texas 
[10) yy A. R. H. Core and L. H. Lirrie, Australian J. Chem. 8, 26 (1955). 
[1l| H. W. THompson, R. L. WriwtaMms and H. J. CaALLOMAN, Spectrochim. Acta §, 313 (1952). 
2) K. N. Rao, J. Chem. Phys. 18, 213 (1950). 
3) A. E. Martin, Trans. Faraday Soc. 47, 1182 (1951). 
) 


D. A. Ramsay, J. Am. Chem. Soc 74, 72 (1952). 
P. VENKATESWARLU, J. Chem. Phys. 19, 293 (1951). 
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We estimate that the measured frequencies are correct to within --1 em-! and 
the intensities to within +5 per cent. 


Results 

The experimental results are summarized in Tables 1 and 2. where for brevity 
the frequencies of the solution band maxima are recorded as displacements Ay in 
em~' (always to lower frequency) from the centre of the vapour absorption, which 
was taken from the Q-branch where this was resolved. Actually the measurements 
of solution frequencies were more precise than those of the vapours. The vapour 
frequency given for phthalonitrile is an artificial one obtained by assuming that 
Av for phthalonitrile in carbon tetrachloride is the same as for benzonitrile in the 
same solvent. The ¢,, are the molar extinction coefficients at the solution band 
maxima, defined by ¢,, = (1/el) log (7',/7), where c is the solute concentration in 
mole-l.~', 1 is the path length (em) and 7, and 7 are the transmitted intensities 
through pure solvent and solution respectively. The recorded band intensity B is 
expressed in each case as the area B = {2-303¢ dy over the band, with » in em-: 
the units of B are thus mole~!-l.-em-?. The intensity so defined is the same as the 
B employed by Manprr and Tuompsoy [3], and is related to Brown’s tabulated 
intensity [6] by the factor 104. Its relation to the absolute intensity A of MANDER 
and THOMPSON is given by A L000 Be/ N 4-98 B. 

In keeping with results obtained by other workers in the infra-red, as summa- 
rized partly in our previous paper[10] we found that the C=N solution bands 
conform approximately to the Lorentz contour, and that they are considerably 


Table 1. Solvent properties and solvent effects on acetonitrile 


“ Av? 


n (Ha) 
(Debye) (em™?) 


Vapour (2266-6)? 


Solve nis 


(1) ésoOctane 1-389 0 12 0-6 336 

(2) Carbon tetrachloride 1-457* 0 12 14-5 424 

(3) Dioxan 1-420 O-O-4 155 23-6 647 

: (4) Benzene 1-496 0 13-5 15-7 544 
s (5) Tetrachlorethy lene 1-50] 0 11-5 11-8 433 
(6) Carbon disulphide 1-618* 0 4 14-1 500 
(7) Diethyl ether 1-351 1-1 13 14-0 468 

(8) Chloroform 1-443* 1-1 11-5 23-8 753 

(9) Ethylene dibromide 1-534 1-0 14 19-6 626 

(10) Pyridine 1-505 2-2 15-5 26-2 778 

(11) Acetone 1-357 2-7 15 25-1 748 


Liquid or solid 
‘ * Infrared values are quoted in [28] the only large difference being for CS,, for which n 1-5 at 
1800 
F + Displacements are all to lower frequency; the actual solution frequencies can be obtained by 
subtracting Ay from the vapour frequency 
re > Frequency at Q-branch; P- and R-branches at 2254 and 2277 em-! respectively. 


§ Pure liquid. 
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Table 2. Solvent effects on nitriles 


Propionitrile Benzonitrile Phthalonitrile 


Avt 


(em™!) (em™*) 


Avt 
(em 1) 


Vapour (2262)* (2238)** 2244)+ 


Nolvents 


(1) isoOctane 13-5 20 451 7 43 1336 
2) Carbon 
tetrachloride 13 20-1 638 7 66 1935 7 41-5 967 
(3) Dioxan 16-5 25-6 806 9 SI 2350 10 74 1773 
(4) Benzene 16 22-0 755 9 73-5 2257 ll 58-5 1451 
(5) Tetra- 
chlorethylene 13-5 «618-000 «(594 6-5 63 1842 7 40 944 
(6) Carbon disulphide 15 163 590 9-5 58 1612 9-5 38°5 875 
(7) Diethyl ether 14 17-5 518 8 60 1796 i) 44 1198 
(8) Chloroform 13 35-0 1264 S 105 3408 ba &2 2280 
(9) Ethylene dibromide 15-5 27-7 960 9-5 86 2810 10 78-5 2073 
(10) Pyridine 17 30-4 970 10 96 2671 1! 96 2257 
(11) Acetone 15 30-0 850 10 96-5 2510 9-5 95 2096 


Liquid or solid 108 - 13tt 


+ See Table l. 

* Centre of broad Q-branch; P- and R-branches at 2256 and 2267 cm~'! respectively. 

** Centre of broad vapour band. 

* Vapour frequency could not be measured; value given is an assumed one to make displacement 
in CCl, the same as in benzonitrile. Subtracting from this value gives correct solution frequencies. 
++ Solid. 


narrower than the vapour bands which were generally resolved into their P-, Q- 
and R-branches. Taking acetonitrile as an example, the P- and R-maxima are 
separated by 23 cm~! (see Table 1), whereas the half width of the solution band 
is less than 10 em~! in nearly all solvents. 

The only results common to our work and that of MANDER and THOMPSON and 
of Brown are for benzonitrile in carbon tetrachloride, tetrachloroethylene and 
chloroform. Our frequencies agree to within 1 em~! with those of MANDER and 
THompson. Our intensities agree with those of Brown within the limits of his 
claimed reproducibility, and also with those of MANDER and THompson with the 
exception of the solvent tetrachloroethylene where our measured intensity is about 
50 per cent higher. 


Discussion 
Current physical theories of infra-red frequency displacements and intensity 
changes in solution are generally based on the simplified model of the solute dipole 
occupying a (spherical) cavity in the solvent, which is regarded as a continuous 
dielectric medium. This model leads to formulae such as those of KirKwoop [16|, 
Baver and and Hrrora[19] for frequency shifts, and of 


[16] J. G. Kirkwoop. See W. West and R. T. Epwarps, J. Chem. Phys. 5, 14 (1937). 
|17|) E. Baver and M. Magat, Physica §, 718 (1938). 
18] N. S. Baytuiss, J. Chem. Phys. 18, 292 (1950). 

[19] E. Hirota, Bull. Chem. Soc. Japan 27, 295 (1954). 
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CHAKO|20}, PoLo and Wrison [21], Scuvuyer|22| and Hrrora|19| for changes in 
intensity. These formulae involve in slightly different ways such quantities as the 
cavity radius a, the intensity or oscillator strength f, and the dielectric constant D 
and the refractive index » of the solvent. 

Before considering the individual effects in detail, it is obvious from an inspec- 
tion of Tables 1 and 2 that the frequency displacements of the C==N bands in all 
vases are remarkably insensitive to, and the intensities conversely very sensitive to, 
the nature of the solvent. This means that in the present case it will not be easy to 
find a common theoretical basis for the two effects. 

(a) Frequency displacements. There are many cases of infra-red bands whose 
frequency displacements Avy = y (solution) — y (gas) are proportional to the solvent 
refractive index function (n? 1)/(2n* + 1) of non-polar solvents, with further 
superimposed displacements in polar solvents. The latter are probably caused by 
the orientation polarization of the solvent. Examples are solvent effects on the 
stretching frequencies of C=-O[10, 23], and N--H[24]. The C=N bands studied 
here present quite a different picture, since although Ay is substantial in every case, 
it is almost independent of the solvent. There is a trend towards greater Ay in 
solvents of greater n and greater D (Tables 1 and 2), but the differences are too 
small to be explicable in the above terms. (However see end of (a).) 

A superficially similar case is that of the C-——C stretching frequency in aceto- 
nitrile, where Ay in solution is both small (from 0-5 to 2-0 em-') and almost 
independent of the solvent. The present authors [10] attributed the smallness and 
constancy to the fact that the C—C bond in acetonitrile is an “‘internal’’ one, and 
is thus to some degree protected from solvent influence. 

The same explanation cannot apply to the C==N group, which is certainly 
“exposed” to solvent influence in the compounds studied here. We consider that 
a more likely explanation is to be found in a recent paper by MILLER and SmyTu [25} 
on relaxation phenomena in polar liquids, where the authors present evidence for 
an abnormally high local field around certain groups, of which C==N is one. 
Nearest neighbour solvent molecules, which are mainly responsible for solvent 
effects on the solute, are polarized in the field of the solute molecule, and it is in 
ne turn their resultant field which contributes to the physical solvent effects on the 
; solute. If the high local field of the C=N group produces a condition tending 
towards dielectric saturation in the nearest neighbours, it is possible that the 
differences between different solvents would be minimized and that Avy could be 
insensitive to the macroscopic properties of the solvent. This explanation is also 
consistent with the small but constant Av of the “protected’’ C—C frequency in 
acetonitrile compared with the substantial but also constant Ay of the “exposed”’ 


‘ C==N frequency of the same compound. It is not however easy to reconcile with 
4 the change of intensity with solvent (see next section). 
Although the spread of the frequency displacements in Tables 1 and 2 is small, 


[20) N. Q. Cuako, J. Chem. Phys. 2, 644 (1934). 
(21) 8. R. Povo and M. K. Wizson, J. Chem. Phys. 23, 2376 (1955). 
[22) J. Scuuyver, Rec. trav. chim. 72, 933 (1953). 

M. L. Josten and J. Lascomser, J. chim. phys. §2, 162 (1955). 
[24| M. L. Josten and N. Fuson, J. Chem. Phys. 22, 1169 1264 (1954). 
25) R. C. Mriier and C. P. Smyrn, J. Am. Chem. Soc. 79, 3310 (1957). 
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the greatest shift occurs in pyridine. In keeping with our results, Lippert | 4} 
finds that the C=N frequency of p-toluonitrile in pyridine is 5 em~ less than in 
carbon tetrachloride. However in the case of p-dimethylamino benzonitrile, the 
C==N frequency in pyridine is 10 cm~ less than in carbon tetrachloride. This 
additional shift is attributed by Lippert to the effect of the polar solvent pyridine 
in enhancing the electron-donating property of the dimethylamino-group with 
respect to the C=N group as acceptor, and thus modifying the electron distribu- 
tion within the C==:N group. Effects of this kind are absent from the nitriles 
studied in the present paper. 

The small spread of the nitrile frequency displacements in relation to the 
experimental error makes it somewhat uncertain to compare our solvent sequence 
with that which was found empirically by ArcHiBALD and PULLIN [8] to hold for 
the carbonyl frequency. However if in Table | one compares the order of the 
solvents in their effect on the acetonitrile C=N frequency, it turns out to be almost 
identical with the order of ARCHIBALD and PULLIN for C—O, with two exceptions 
which seem to be outside the experimental error. These are chloroform and diethy! 
ether, whose effects on the nitrile frequency are respectively too small and too large 
as compared with their effects on the carbonyl! frequency. 

(b) The relation of intensity to solvent. The sensitivity of the C=N intensity to 
the solvent has been pointed out by previous authors [3.5.6]. The theoretical 
treatments quoted at the beginning of this discussion relate vapour and solution 
intensities, but in the absence of vapour data can be used to compare intensities 
in the various solvents. The formula of Cuako and of PoLo and Witson which 
has been found satisfactory in some cases|26], is completely inadequate in the 
present case. The best correlation of theory with our experimental results is given 
by the formula of Hrrota | 19], namely: 


B (liquid) kz +4 


B (gas) 3(22D +n?) 
but even this is unsatisfactory, as shown by Fig. 1, in which the relative Hirota 
factor is plotted against the observed intensity for the typical case of propionitrile. 

In a previous paper{10], we found a correlation between the intensity of the 
C—O stretching fundamental and the “deviation” of the frequency displacement 
from the Kirkwood—Bauer line; but a similar correlation hardly exists for C==N 
owing to the almost constant frequency displacement. Lippert and VoGeEt [5| 
have qualitatively related the C==N intensity to solvent polarity. Tables | and 2 
show that there is a general tendency for the intensity to increase with the solvent 
dipole moment; but there are marked intensity variations between non-polar 
solvents (e.g. isooctane and benzene) and between polar solvents with the same 
dipole moment (e.g. ether and chloroform). On any obvious basis of comparison 
the intensity in chloroform is high, but the suggestion [6] that this is the result of 
hydrogen bonding is difficult to reconcile with the fact that there is no anomaly in 
the frequency displacement in this solvent. 


26| J. H. Jarre and 8. Kime, J. Chem. Phys. 25, 374 (1956). 
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In view of the possible effect of the high local field of the C=N group as out- 
lined in Section (a), it may be idle to seek a correlation between the intensity and 
any simple combination of macroscopic solvent properties. 


Solvent number 


Hirota factor 


Intensity in propionitrile plotted against Hirota intensity factor. For solvent 
numbers see Table 1. 


Solvent number 


Propionitrile intensity 


2000 3000 
Other intensities 
Fig. 2. Propionitrile intensities plotted against intensities of (a) acetonitrile, (b) phthalo- 
nitrile, (c) benzonitrile, and also (d) against carbonyl frequency displacements. For solvent 
numbers see Table 1. 


However, in keeping with the results of BeLLamy{7| and of ARCHTBALD and 
PULLIN [5], we have found that the solvents can be arranged in a single sequence 
in respect of the intensities. This is shown in Fig. 2, where we have plotted, 
solvent by solvent, the propionitrile intensity as ordinate against the other nitrile 
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Solvent effects on the infra-red frequency and intensity of the nitrile vibration 


intensities as abscissae. The correlation for the pair propionitrile—benzonitrile is 
practically linear; but is less good for the other pairs. Furthermore, in the inset 
in Fig. 2 we have plotted propionitrile intensities against the acetone carbony! 
frequency displacements in the same solvents|10]. Again there is an almost linear 
relationship, with chloroform and carbon disulphide being somewhat exceptional. 
The solvent order is again almost exactly that of ARCHIBALD and PULLIN. 

These results clearly indicate that solvent effects on both infra-red frequencies 
and intensities are dominated by some as yet undiscovered combination of the 


physical properties of the solvent. 

(ce) The relation of intensity to constitution. It was not our purpose to investigate 
the effect of the constitution of the solute on the C=N intensity. THompson and 
his co-workers [2,3] have shown that in the substituted benzonitriles there is a 
relation between the intensity and the Hammett o-factor of the substitutes 
group which is expressed approximately by log B = const. — 0-8o. 


In this connexion it is interesting that phthalonitrile, with two ortho-nitrile 
groups, has in most solvents rather more than half the C==N intensity of benzo- 
nitrile, with one nitrile group (Table 2). Kinetic studies in this laboratory |27| 
have shown that o for ortho-CN is 0-62, about the same as for para-CN. Thus for 
each nitrile group in phthalonitrile, log B would be predicted to be 0-5 less than 
for benzonitrile, and considering both nitrile groups it would be 0-2 less. In other 
words, the Thompson relation predicts that the total C=N intensity in phthalo- 
nitrile should be about 0-6 of that in benzonitrile. This prediction is quite well 
confirmed by Table 2 for most solvents. 


27| J. Private communication. 


A. H. Prunp., J. Opt. Soc. Am. 25, 351 (1935). 
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Abstract—The compounds obtained by reaction of benzenediazonium salts with ketones 
containing an act vated methvlene group have 


been examined from 4000 to 650 em"! 
have iientified as 


phenvihyvdrazones and not azo 
reduction products have also 


and 
compounds, The corresponding 
been examined throughout the sarn tral re wion. 


The frequency of the ¢ N stretching vibration and internal hydrogen bonding within the 


phenvihvdrazones are discussed. 


Introduction 


INTEREST in the «-phenylhydrazono-ketones was first aroused owing to their 


method of preparation. Ketones of type (1), containing an activated methylene 


group, will couple in alkaline solutions with aqueous solutions of benzenediazonium 
salts to give coloured products, the structure of which was under discussion for 


many vears. They were originally regarded as azo-compounds (I1) but later 


workers tended to the view that they were phenvilhvdrazones (111). FRANKLIN 
has reported in detail the history of the discussion || 


R-CO-CHYR (Ph-N,)*X R-CO-CHUN:NPh)R’ 
(I) (11) 


y 
R-CO-CU-N-NHPh)-R’ 
(111) 


It was considered that infra-red absorption spectroscopy should provide some 
interesting information on the structure of the compounds. A few infra-red spectra 
of unsubstituted phenylhydrazones have been reported in the literature, amongst 


which are those obtained by Suaprmo ef al. [2), Wirey and Jarpogr [3] and 
ABRAMOVITCH and SPENCER [4] 


The spectra of a much larger number of 2:4- 
dinitrophenylhydrazones have been published [5-8] while Le Fivre has made an 


S. The Re 
1057 


ection of some | Alkali Borohudrides Ph.D 


1056) 


1. Annawoviron and S. J im. Chem. Nov 78, 


H. Jannor. J. Am. Chem 77, 403 (1955 
D. Srensen oc. 3767 (1957 
25, 1288 (1953 
Kinsy, J. Am. Chem. Soc. 76, 1037 (1954 
md KR. L. Jones. 175. 410 (1055 
Ho_mes and KR. B. Anal. Chem. 28, 191 (1956 
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extensive study of azo-compounds, particularly with regard to the frequency of the 
link [9-11]. 
Experimental 
The spectra were recorded with a Grubb Parsons DB1/53A double-beam 
spectrometer equipped with a rock-salt prism. The 2-phenylhydrazono-ketones 
and their reduction products were prepared by FranKLty [1,12] and their purity 
established by elementary analysis. 


Results and discussion 

The spectra of the compounds in Nujol mulls are shown in Fig. 1 and the 
principal group frequencies, in Nujol and in chloroform solution, are summarized 
in Table 1. 

A study of the data reveals that the compounds are indeed phenylhydrazones 
(111), and not azo-compounds (I1), for the following reasons: 

(a) A N—H stretching vibration, lying between 3100 cm~! and ca, 3300~* is 
revealed. Even in the alcohols where the presence of the OH band tends to mask 
the NH band in Nujol, the solution spectra show the presence of a free hydroxy! 
band near 3600 cm~! and the NH band as separate entities. Frequently a third 
band is observed which is doubtless caused by a bonded hydroxyl. Examples are 
seen in compounds (4), (15), (17) and (18). Formula (IIT), but not (If), requires an 
NH group to be present 

(b) If R is aliphatic, formula (II) requires that the C—O group should be 
unconjugated, but formula (III) that it should be in conjugation with the C=—=N 
group. Compound (2), pyruvaldehyde methylphenylhydrazone, which has been 
included as a model because it can only exist in the phenylhydrazone form (IIT), 
shows the effect of C--N conjugation on the frequency of the C=O group. The 
(0 is at 1658 em~' in Nujol and at 1649 cm~! in chloroform solution. Evidently 
some hydrogen bonding takes place with the chloroform, but the figures are 
sufficient to show that the C—O frequency is much lower than that encountered 
in unconjugated ketones where the normal range is approximately 1700-1725 cm~'. 
If allowance is made for internal hydrogen bonding, which will be discussed in a 
later section, the unbound ketones (Table 1) have their C—O frequencies within the 


conjugated range. For example, compound (3), 3 phenylhydrazonopentan-2:4- 
dione, (CH,CO),C:N-NHPh, will have not more than one internally bonded 
carbonyl. In chloroform solution it shows two C—O frequencies, the higher of 
which, 1679 em~! is still sufficiently low to be in the conjugated range. This is an 
indication that formula (III) is to be preferred. 

The fact that the compounds show ev idence for internal hydrogen bonding at 
all. is in favour of formula (III) as compounds having formula (I1) would not 
possess this property owing to the absence of the NH group. 

(c) The N:N link has been difficult to identify with certainty in the infra-red, 
but Le Févre and Werner {11} after an exhaustive study of more than eighty 


0) R. J. W. Le Fever. M. F. O'Dwyer and R. L. Werner, Chem. & Ind. 378 (1953). 

10) BR. J. W. Le Fever, M. F. O'Dwyer and R. L. Werner, Australian J. Chem 6, 341 (1953). 
11: R. J. W. Le Feévee and R. L. Werner, Australian J. Chem 10, 26 (1957). 

EK. Bowman and C. 8. Frankury, J. Chem. Soc. 1583 (1957). 
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Fig. 1. Infra-red absorption spectra of 
phenylhydrazones. 
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azo-compounds, have decided that it must lie within the range 1400-1450 em~', 
i.e. it lies between the two strong bands of Nujol. Compound (21), 
PhCH=C(CN)-N:NPh, has been included in Table | for comparison since it is 
an azo-compound which cannot adopt the phenylhydrazone form. A fairly strong 
band at 1445cm~! on the side of the Nujol band is present in this compound and 
is probably the N:N vibration. Almost all the compounds examined in this work 
have no bands between the Nujol peaks mentioned which is an indication that 
structure (II) is not present in the series. 


(d) The ultra-violet spectra [12] serve to confirm the phenylhydrazone structure 
(111) because the ketones, / 


may ca. 360 mu, on reduction yield alcohols having 


Jia C&. 280 myn, a hypsochromic shift suggesting loss of conjugation. This should 


occur in the case of structure (II1) but not in (II). 


The C==N absorption 


Since it has been deduced that the compounds exist as phenylhydrazones, 
structure (IIT), a band due to the C=-N linking would be expected in the double 
bond region. A simple aleohol such as compound (15), lactic aldehyde phenyl- 
hydrazone, or compound (17), hydroxyacetone phenylhydrazone, shows no bands 
in this region having a frequency higher than the 1600 cm~! aromatic band and, 
in addition, neither compound has a band between the 1600 em~! and 1500 em~! 
aromatic bands. BeLtutamy [13] quotes a range of 1690-1640 cm~! for the C-——N 
stretching vibration, falling slightly to 1680-1630em~! for 2:/-unsaturated 
compounds. Because there is no conjugation in compounds (15) and (17) their 
(‘= N frequencies should be amongst the highest of the series, yet there is no trace 
of them in the above region. 

Faptan ef al. [14] in a comprehensive summary on the frequency of the C=-N 
group in different structures, have suggested that the absorption is very weak in 
hydrazones and cannot be seen in spectra obtained under normal operating 
conditions. Some workers [2, 5-7] make no mention of the C==N vibration, while 
Jones et al. |8| suggest that the C—N group is unresolved from the aromatic band 
at 1595 em~! in 2:4-dinitrophenylhydrazones. 

It may be, then, that in compounds (15) and (17) the C==N frequency is either 
too weak to be observed or else is unresolved from the 1600 em~! phenyl! vibration. 
The latter is a possible explanation for compound (15) as, in Nujol, a small shoulder 
at 1583 em~! can be seen on the side of the main 1604 em~! band. 

However, in other compounds in Table | which contain C=O groups in 
conjugation with the C-—-N group, there is a band between 1500 and 1600 cm~! 
which is strong in almost all cases, considerably more so than the aromatic ring 
vibrations, and it is suggested that this is due to the C==N vibration. The fact 
that the C—N band does sometimes fall below 1600 em~! in non-cyclic compounds 
has been shown by Faptawn ef al. [14|, who found that in conjugated amidines, 


(R,R,N)—C—N—. the frequency range for the C==N group was 1582-1597 em~!. 
1**2 : 


J. Bettamy, The Infra-red Spectra of Complex Molecules p. 223. Methuen, London (1954 
J. Fastrax, M. Lecranp and P. Porrrer, Bull. soc. chim. France 1499 (1956 
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GOULDEN [15] has also shown that the frequency range of some quaternary 
thioamides is 1607-1510 cm~!, although these compounds are certainly a very 


special case. 

It is known that the N—H deformation vibration falls near 1510 em~! [16]. 
but the band described above is generally at a higher frequency and considerably 
stronger than the rather weak band usually found as a N--H deformation mode. 
The band in question also persists in the N-methylphenylhydrazones such as 
pyruvaldehyde methylphenylhydrazone (compound (2)), and pyruvie acid methy! 


phenylhydrazone (compound (6)) in which there are no NH groups present. In fact 


an NH deformation band can be seen in some of the compounds as a weak band 


resolved from the 1500 cm~! aromatic band and occurring between 1500 and 
1530 em~'. Examples are found in compounds (4), (15) and (18). 

KIRRMANN [17] has shown that in the Raman spectrum of acetaldehyde 
dimethylhydrazone, CH,CH:NN(CH,),, the C==N stretching frequency is in the 
form of a doublet at 1612 and 1631 ecm ~! which is a more normal region for a 
C=N group. ABRAMOVITCH and SPENSER [4] were unable to find a C—N band in 


acetaldehyde phenylhydrazone or either of the pyruvamide phenylhydrazones, so 


the work of KirRMANN led them to conclude that in phenyl- as opposed to alky! 


hydrazones the aryl group influences considerably the double-bond character of the 


C-=N group. It now appears that additional conjugation in the form of a C—O 


group has an even more profound effect upon the C—N group in phenylhydrazones. 


Hydrogen bonding in phenylhydrazones 


SHAPIRO ef al, |2| have shown that strong internal hydrogen bonding is present 


in some phenylhydrazones in which the formation of a six-membered ring con 


taining conjugated C=-N and C—O groups is possible, thus: 


OEt 


CoH, 
(IV) 


Similar results have been shown by IsHERWOOD and Jones {7}. This strong 
internal bonding (or chelation) is characterized by its well-known effect on the 


C—O band which is shifted to frequencies lower than in unbonded structures. 
The effect has also been applied by ABRaMovitcH and SPENSER [4] to the 


differentiation between the syn and anti-forms of pyruvamide phenylhydrazone. 


The syn-form will hydrogen-bond internally while the anti-form is unable to do 


this; consequently there are differences in the C—O frequencies. 


15 J. Chem. Soc. 097 (1953 
16) D. Hapzi and M. Skrewoak, J. Chem. Soc. 843 (1957). 


J. D. S. GouLpEN. 


KIRRMANN, Bull. chim la rance 1751 1056) 
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It is evident from the data in Table | that some compounds of the present 
series are showing a similar degree of internal hydrogen bonding. By analogy with 
compound (2) which is incapable of forming internal hydrogen bonds and which 
has already been discussed, compound (1), CH,COCH:NNHPh, having its C—O 
frequency at 1654 cm~! in Nujol and 1674 em~! in chloroform solution, has little 
internal hydrogen bonding. Confirmation of this may also be obtained from 
compound (3). 

As remarked in a previous section compound (3), (CH,CO),C:N-NHPh, shows 
two (=O bands in Nujol and in solution. The higher, at 1679 em~! in chloroform 
solution, is in the normal conjugated ketone range while the other, at 1636 cm~!, 
is much lower than normal and indicates intramolecular hydrogen bonding. A 
comparison of the free C=O at 1679 em~! with the C—O in compound (1) indicates 
that there is little internal bonding in the latter. 

Hydrogen bond formation may be recognized in other compounds from Table 1, 
of which the following have been taken as examples: 

In compound (7), CH,-CO-C(:NNHPh)-COOEt, the ester C—O band at 1724 
em! (Nujol) is in the normal range of a conjugated ester but the ketone C=O 
band, at 1635 em~?, is low and again shows hydrogen bonding. On the other hand, 
compound (11), EtOOC-CO-C(:NNHPh)-CN, with its C—O bands at 1731 and 
1670 cm~! (Nujol), representing the ester and ketone respectively, shows little 
indication of internal bonding. 

Compound (10), EtO,C-CO-C(:NNHPh)-CO-CH,, has three C=O bands in 
chloroform, at 1747 cm~!—a normal ester, 1686 cm~!—a normal conjugated ketone 
and 1640 cm~'—a strongly bonded ketone. 

Compound (9), EtO,C-CO-C(:NNHPh)-CO,Et, also shows three C=-O bands in 
Nujol similar to (10), except that the lowest of the three is at 1658 em~', which is 
not abnormal for a conjugated ketone in the solid state and may be compared with 
the C—O in compounds (1) and (2). This suggests that the 1689 cm~! band may 
here be due to internal hydrogen bonding of the ester group and that the ketone 
is free. 


Acknowledgement—The author is indebted to Dr. C. 8S. FrRanKi«n for drawing attention to the 
problem in the first instance, for supplying the compounds and for many interesting discussions. 
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Abstract— Shifts of maximum absorbance to longer wavelengths with increasing atomic number 
of the central ion were found for oxinates of the metals of ( ‘roup IITA in neutral 95%, ethanol 
and EPA, the shifts being similar to those already known in chloroform. Band shifts for divalent 


ions from the Mellor—Maley series did not follow the order of stability of the oxinates nor could 


they be correlated with the electronegativity or atomic number of the metal ion. However, 


differences between absorption and fluorescence peaks did show somewhat better regularity 


with respect to electronegativity. The trends for the divalent and trivalent ions were in opposite 


directions, indicating the influence of another variable. 


The maximum in the fluorescence spectrum shifted to longer wavelengths and the quantum 


vield of fluorescence decreased as the atomic number of the metal ion increased. At liquid 


nitrogen temperatures some chelates had new emission bands appear at shorter wavelengths 


than the normal emission band, thereby indicating origin from an upper excited state. 


Introduction 
THE fluorescence spectra of certain metal chelate compounds of 8-quinolinol (oxine) 
appear to depend on the metal ion in the chelate compound [1], though for the 
most part the reported colors have been judged visually. In the present work, 
Huorescence and excitation spectra of oxinates formed by the metals of Group ITLA 
and others selected from the so-called *‘Mellor-Maley”’ series |2—4] were examined 
spectrophotometrically both at room temperature and at the temperature of liquid 


nitrogen. Measurements were made on solutions and on solid oxinates at room 


temperature and on glassy (rigid) solutions at the lower temperature. Absorption 


spectra of the solutions were also obtained and the efficiency of fluorescence 


estimated whenever possible. 


Experimenta! details 


Reagents and solutions 


Oxinates of the following cations were prepared using 8-quinolinol (m.p. 74-75°C) obtained 


from the Eastman Kodak Company, Rochester, New York; aluminum 5}, gallium[6), indium! 6}, 


* This paper was taken from a thesis submitted by W. E. OnNEsSORGE in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy at the Massachusetts Institute of Technology, 


Cambridge. Mass., August 1956 
+ Present address: Department of Chemistry, University of Rhode Island, Kingston, Rhode Island. 


[1] J. DeMent, Fluorescent Chemicals and their Applications p. 189. Chemical Publishing Co., Brooklyn, 
N.Y. (1942). 

{2} D. P. Metior and L. Matey, Australian J. Sci. Research, Ser. A 2, 92 (1949). 

D. P. and L. Matey, Nature 159, 370 (1947). 

D. P. Mecior and L. Matey, Nature 161, 436 (1948). 

[5] R. Bere, Z. anal. Chem. 71, 369 (1927). 

(6) W. Get~mMann and F. W. Wricce, Z. anorg. allgem. Chem. 209, 129 (1932). 
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thallium zine[8}, cadmium[9}, magnesium 10}, copper (L1)[ 11], cobalt (11)[ 12], lead{ 13}, 
manganese (I1)[14] and nickel/ 15}. 

A slight variation from the published procedure for thallic oxinate was used because the 
compound decomposed when dried at the suggested temperature of 120°C and the resulting 
product was insoluble in chloroform and in 95°, ethanol. Instead, this chelate was dried for 
several days (nm vacuo over calcium chloride to give a vellow powder soluble in chloroform and 
im 95%, ethanol, Both oxine and the oxinates were assayed by bromination{8|, and were found 
to contam at least 99 per cent of the theoretical amount of 8 quinolinol, Oxine solutions, 0-20 
mM, wer pre pared in chloroform, 95°,, ethanol, /sooctane. absolute ethanol and EPA (a mixture 
of 8 parts (v/v) of ether 3 parts of isopentane and 5 parts of 95°, ethanol). Similar solutions 
were also prepared in 95°, ethanol containing hydrochloric acid or sodium hydroxide to make 
the solution 0-OL N in acid or 0-01 N in base. 

Oxinate stock solutions, 0-020 M and 1-0 mM, were prepared in chloroform, 95°,, ethanol, 
EPA, acidic ethanol and alkaline ethanol. Oxinates which were not very soluble were used in 
the form of saturated solutions. (It was found in the case of zinc oxinate that more rapid 
dissolution of the solid was obtained when the solute was added to the solvent than vice versa. ) 
EPA solutions were stored in a refrigerator. 

In the present work a 0-10 mM solution of aluminum oxinate in chloroform was used as a 
fluorescence standard with satisfactory results. Fluorescence of the reference was excited with 
365 my radiation and the emittance measured at 520 mu. 


1 pparatus and procedures 


Absorption spectra, Absorption data were taken on Beckman Model DU. Beckman Model B 
and Cary recording spectrophotometers using 1-0 em cells. Literature values for absorption 
maxima sometimes showed a spre ad as large as the differences be ing investigated in the present 
study. For that reason, a calibrated spectrophotometer was used, 

Most of the oxinates were examined from 210 to 600 mu using 0-02 M solutions whenever 
possible. Any band with a molar absorbance of 10 or greater could be detected. 

Fluorescence spectra, The spectrophotofluorometer was essentially the same as that described 
by CoLLatT and Rocers{ 16}. A Bausch and Lomb grating monochromator (600 lines mm with 
an effective band width, per mm exit slit width, of 6-6 my) provided monochromatic exciting 
radiation. In general, a 5-0 mm slit was used. Low pressure (General Electric UA-2 and Hanovia 
7606) mercury ares giving line spectra and a high pressure lamp (General Electric AH-6) giving 
continuous ultraviolet and visible radiation were used for excitation. 

\ Spectral Energy Recording Adapter (SERA) from Beckman Instruments, Inc.. was used 
in conjunction with a recording potentiometer (Leeds and Northrup “Speedomax”™ having a 
chart speed of 10 in./min, 10 mV full-scale sensitivity and a 1 sec full-scale response) to record 
emission spectra. Curves corrected for differences in the sensitivity were calculated from cali- 
brations supplied by the Bureau of Standards for the photomultiplier tube in question. Emission 
spectra were determined using several exciting wavelengths because it was found that, although 
the emission spectra at room té mperature were independent of the exciting radiation, the spectra 
at low temperatures changed with the exciting wavelength. 

Relative measurements of quantum yield were based upon determinations of the changes of 


fluorescence intensity that resulted from a change in the de pth of the sample (see Appendix). 


The method was probably as precize as other methods and in addition was simple, fairly rapid, 


and required Spree ial equipment. 


Rand A. S. Conen, Anal. Chem. 22, 686 (1050 
rHorr and E. B. Sanpe i, Terthook of Quantitative Inorganic Analysis (3rd. Ed )p. 321. 
71, 321 (1923 
71, 23 (1927 
70, 341 
76, 191 
lite Derivatives p. 318. Butterworths, London 1054). 
rine neal Derivatives Ch. 19 Butterworths, London (1054 
WW LLINGSHEAD, Oxine and its Derivatives Ch. 21. Butterworths, London (1954 
and L. B. Roar ns, Anal. Chem 27, | 1055 
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Sample holders. In addition to the previously reported setup for studies at room tempera- 
ture| 16], a special cell holder and cell compartment were designed for studies at liquid nitrogen 
temperature. The cell compartment of the Beckman Model DU spectrophotometer was replaced 
with a larger compartment containing an unsilvered Pyrex Dewar flask for holding the liquid 
nitrogen. The cell holder was an aluminum cylinder cut to hold a 1-00 em® silica cell. 
Aluminum rods extended from the bottom of the cell holder into the coolant to assist heat 
transfer from the aluminum block. A 30 min time interval was found to be sufficient to reach 
equilibrium when using EPA. 


Table 1. Summary of absorption data for 0-20 mM solutions of oxine 


Solvent max Om max max 10 3 max yw 
index (mya) (mys) (mys) (mys) 


CHCl, 


Absolute 
ethanol 


95°, Ethanol 


EPA 


180-Octane 


EtOH, 


Eto 


EtOH,” is OL N HC! in 95°, ethanol 
EtO~ is 0-OL N NaOH in 95%, ethanol. 


* 0-001 N HC! in 95%, ethanol gives same spectrum 
+ 


Data not given. 


This assembly was joined to the cover of the cell compartment by means of polystyrene rods. 
A hole through the cell compartment permitted the exciting beam to enter the sample cell from 
the top. The luminescence passed through a rectangular opening in the side of the cylinder into 
the spectrofluorometer. 

Solid oxinates were examined by smearing them on filter paper (Schleicher and Schuell no. 
589) and mounting them in the cell compartment on specially-designed aluminum blocks. The 
side of one block was cut to hold the paper at an angle of 45° to the exciting beam; the other, 
at a 30° angle. 

Results 
Oxine 
Absorption. Table 1 contains the data of this study and others [17-19] in 


order to show the extent of agreement. However, in comparing solvent shifts, 


only data from the present study should be examined in order to minimize varia- 
tions between instruments and preparations. It has been suggested that the bands 
in acidic and in alkaline ethanol are due to the 8-quinolinium and 8-quinolinate 
ions respectively {17}. 

[17) T. Moe ier and F. L. Punpsack, J. Am. Chem. Soc. 76, 617 (1954) 


[18 G. W EwiIne and E \. K. Am. Chem. Sor 68, 2181 (19046) 
(19) K. G. Svone and L. Frrepman, J. Am. Chem. Soc. 69, 209 (1947). 
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Emission. It has been reported that solid oxine fluoresces strongly in the 
violet [1). but no luminescence from solid oxine could be detected in the present 
study. On the other hand. oxine in EPA glass luminesced strongly under mono 
chromatic radiation (Table 2). The green fluorescence reported [ 20) for alcoholic- 


solutions was confirmed in neutral solution, but the intensity was quite low. 
(Deaerating the solution did not produce any noticeable increase in the Huorescence 
intensity.) A 0-01 M solution of oxine in 95°, ethanol was exposed directly to a 


lable 2. Wavelengths and relative intensities of emission maxima observed with 0-25 mM 


solutions in EPA at liquid nitrogen temperatures as a function of the wavelength of exciting 


radiation 


365 me Excitation 315 mye Excitation 
relative relative 


mart mar 


mya) intensity mtensity 


$25 $25 2s 
oo $55 35 
In 44 yor not obser. ed 
ryt 445 13 $45 76 
Cull+ $56 12 418 
Nills 02 § 02 7 
Coll+ $05 N $05 2 
Ppt 407 386 43 
407 
Cd" $08 62 415 53 
42 
Mn''* $15 415 4 
Mg!! 478 31 406 80 
475 35 


valent oxmates arranged act ording to Me llor Mak serres if de« reasing order ot stability 


+ Relative to © 10 mM aluminum oxinate at room temperature wo 
* No fluorescence at room temperature from the solid or from any solution 
Barely detectable 


ess than 025 mM 


© Saturated 


low-pressure mercury are using only a Corning no. 5030 filter to remove most of 
the visible light from the exciting radiation. Considerable interference by stray 
radiation from the source made exact determination of the wavelength of maximum 
emission impossible, though it was estimated to be near 535 mu. It is highly 
unlikely that 365 my radiation could excite strong fluorescence in oxine because 
absorption at this wavelength is very low in neutral solutions. 


Oxinates 

Absorption. Absorption data for the chelates formed by the Group LITA metals 
and selected divalent ions from the Mellor—Maley series are summarized in Tables 
3 and 4. The absorption spectra of these chelates and of oxine show identical 


20 Pr PRINGSHEIM, Fluorescence and Phos phore scence Pp 417 Interscience, New York (1040) 
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wavelength maxima in acidic and in alkaline ethanol. Molar absorbance values 
of the divalent oxinates are about double those of oxine; those of the trivalent 
oxinates are triple. The species present in these solutions appear to be the 8- 
quinolinium and the 8-quinolinate ions, respectively. 

For the oxinates of the Group IIIA elements, the maximum near 390 my in 
chloroform, 95°, ethanol and EPA shifted to longer wavelengths as the atomic 
number of the metal in the oxinate increased. This shift has been reported pre- 
viously for chloroform solutions{21]. The solvent also affected the locations of 


Table 3. Summary of absorption data for 0-10 mM solutions of Al, Ga, In and TI™ oxinates 


A a a a 
{ helate Solvent 1 : max . max . max a 10 . 
(mye) (mys) (my) 


CHCl, 255 3: 334 3-2 384 
95°,, EtOH | 24: 31! d 332 373 
EtOH,*? 2! : 320 365 
EPA 378 
CHCl, 2 335 391 
95°, EtOH | 256 3 333 379 
EtOH,* + 2: 320 365 
EPA + 382 
CHCl, : : 336 3° 393 
95%, EtOH | 2% 2- 336 383 
EtOH,*> 320 365 
EPA + 385 

re CHCl, 334 395 
95°,, EtOH | 258 ‘ > 333 > 387 
EtOH,*? t 365 


EPA t 390 


or Ge =3 ¢ 


* Solution measured on DU; corrected for difference between DU and Cary spectrophotometers. 
All other solutions measured on Cary spectrophotometer. 

+ No measurement on solution 

0-01 N HC! in 95%, ethanol 


the maxima for a given chelate, the shifts being somewhat greater than for oxine. 

For the divalent chelates, shifts of the weaker band maxima with the cation 
and with the solvent were found to be in the same direction as the shift of the long 
wavelength maximum listed in Table 4. This band occurred at shorter wavelengths 
in ethanol than in chloroform. In EPA, where the only divalent oxinates examined 
were zinc, cadmium and magnesium, the long wavelength band maxima did not 
follow the same pattern. The cation effect on the position of this maximum was 


much more pronounced than the effect of the solvent. 
Difficulty was encountered in determining band maxima for zinc, cadmium, 
lead, manganese and nickel oxinates because of their limited solubilities, especially 


in ethanol and in EPA. Measurements on these compounds were made using 
saturated solutions which had been filtered to remove suspended particles. As a 


'21) T. Moeiier and A. 8. Cowen, J. Am. Chem. Soc. 72, 3546 (1950). 
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further consequence of the low solubility it was not possible to determine accurately 
the molar absorbance. 

Emission. Luminescence excited by monochromatic radiation was observed 
in neutral solutions, the solid state and in rigid glasses with oxinates of aluminum. 
gallium, indium, zine, cadmium and magnesium. Emission from thallium (111) 
and lead (IL) oxinates, like that of oxine, was so weak that it could be observed at 
room temperature only when concentrated solutions were exposed to filtered 
radiation from a low-pressure mercury lamp, though in glassy EPA, luminescence 


lable 4. Summary of absorption data for the divalent oxinates 


Present work 
Metal Solvent 


“max 
(miss) 


CHCl, 


95°,, EtOH 

EPA 

CHCl, 

EtOH 

EPA 

CHCl, 

EtOH 

EPA 

CHCl, 412 
392-396 

5°. EtOH : 410 


CHCl, 
95°,, EtOH 
CHCl, 
EtOH 
CHCl, 
95°., EtOH 
CHCl, 


EtOH 


observation 
isured on Beckman B Sper trophotome ter 
sured on Cars spectrophotometer. 


ce 


was observed using regular monochromatic excitation. The luminescence appeared 


visually to be yellow-green at room temperature and blue-green at low tempera 
ture. The emission maxima in Table 5 were independent of the wavelength of the 
exciting radiation in the range 275-400 mu. No fluorescence was observed in 
acidic or in alkaline ethanol solutions. 


“<4 
Other work 
Gy, (mys) 
Zn'! 382+ 13 373 
377* 
Call VO] 
VULie 
15 
195° 
Mg! 
( 
Ppl! 395* 38 418 
385* 
Mn!! 382* 396 
378* 
oll ‘ . 
= 4077 1-3 $20) 
375* 
*M 
+ Me 
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Table 5, Observed maxima in the fluorescence spectra of 0-10 mM oxinate solutions at room 
temperature 


Wavelength of maximum emission (my) 


Metal 


CHCl, 95°, EtOH EPA Solid 


Al 520 520 519 524 


Ga 537 535 534 540 
In 544 540 538 520 
550§ 5508 none 
542 546* 516* 548 
Call 508 518* 502* 513 
Mg!! 500 523 516* 510 
550 


* Saturated solution (less than 0-1 mM). 
+ Fluorescence detected, but wavelength of maximum emission could not be determined due to 


high background and interference from stray radiation; approximately 520-530 my. 

+ Observed only when filtered low-pressure mercury excitation was used on a 0-020 M solution. 
§ Same as ft; 0-10 M. 
| No observation. 


toom-temperature fluorescence spectra of the trivalent oxinates shifted toward 
longer wavelengths with an increase in the atomic number. On the other hand, 
corresponding shifts observed for oxinates of the divalent ions did not correlate 
with atomic number but, except for magnesium (or cadmium) in 95°), ethanol, 
with an increase in electronegativity. The solvent shifts of fluorescence maxima 
also emphasized the difference between the divalent and trivalent oxinates. A 
red-shift was observed for the trivalent oxinates in going from EPA to ethanol to 


Table 6. Differences between absorption and “‘corrected”’ emission maxima* 


for oxinates 


Vans Vemission max 


Metal 


95°, Ethanol 


CHCl, 


8300 S700 


Cd 7100 8200 8400 
Zn 8000 7400 8400 


7300 7700 7900 
Ga 7300 7900 8100 
Al 7500 8000 8300 


* Corrected for variation in phototube response with wavelength. 
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chloroform, whereas the oxinates of divalent cations followed the order EPA to 


chloroform to ethanol. Once again magnesium proved to be an exception following 
the order: chloroform, EPA, ethanol. 

If the differences in wavenumbers between the absorption and fluorescence 
maxima are examined in each solvent (Table 6) these fluorescent oxinates exhibit 
a greater degree of uniformity. The magnitudes of the differences for the trivalent 
oxinates, cadmium oxinate and magnesium oxinate increase in going from chloro- 
form to EPA to ethanol. Zine now is the exception, showing a smaller peak 


Wavelength( my ) 


Emittance (Arbitrary Units) 


4 
35,000 30,000 25,000 


Wove Numbers (cm-! ) 


Fig. 1. Excitation (1) and absorption (2) spectra of 0-10mM aluminum oxinate in 
chloroform. 


difference in EPA than in chloroform. (The value for cadmium in chloroform is 
smaller than expected.) Consideration of peak differences in a single solvent points 
out again the apparent anomalous behavior of zine in chloroform. Omitting this 
one value the peak difference of magnesium oxinate (electronegativity 1-2) is 
greater in all solvents than those of the remaining fluorescent oxinates (electro- 
negativity 1-5). However, the oxinates of trivalent metals show an increasing 
peak separation with slightly increasing electronegativity in passing from indium 
to gallium to aluminum. 

Excitation spectra of the fluorescent oxinates as solids and in solution showed 
the expected similarity in shapes to the corresponding absorption spectra [22] as 
typified by the curves for aluminum shown in Fig. 1. Radiation of wavelengths 
less than about 270 my did not excite fluorescence in the oxinates in spite of the 
high absorbance of the solutions near 260 my. Similar behavior has been previously 
reported with cyanoplatinates {23}. 


P. Prinosneim, Fluorescence and Phos phorescence p. 306 ef seq Interscience, New York (1949) 
J. A. Kuvostikoyv, Physik. Z. Sowjetunion 9, 210 (1956). 
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Table 7. Quantum yields of fluorescence excited by 365 mu radiation and 


measured at each “corrected” emission maximum using 0-030 mM solutions of 


trivalent oxinates 


Solvent Quantum yield 


CHCl, 0-040 


95°, EtOH 0-018 
Ga CHCl, 0-015 
95°, EtOH 0-009 
In CHCl, 0-014 
EtOH 0-010 
Tru CHCl, <0-001 
95°, EtOH —0-001 
CHCl, 0-035 
EtOH 0-028 
Cdll* CHCl, 0-021 
CHCl, 0-032 
Ppl CHCl, —0-001 


95°, EtOH <—0-001 


* 95° ethanol solutions too dilute (soluble with difficulty) for excitation 
with monochromatic radiation. 


The relative fluorescence efficiencies are summarized in Table 7. The quantum 
yield was very dependent on the metal ion in the chelate, decreasing with increas- 


ing atomic number in agreement with the suggestion that intersystem crossing to 
the triplet state is thereby enhanced{24]. The solvent also had a noticeable effect 


Wavelength ( my) 


e 


rbitrary Unit 


A 


25,000 20,000 
Wave Numbers(cm-'!) 


Fig. 2. Emission spectra of aluminum oxinate and copper (II) oxinate (0-10 mM solu- 
tions) in rigid EPA glasses: (1) aluminum oxinate—-365 mu excitation: (2 copper oxinate 
365 my excitation; (3) copper oxinaté 315 my excitation; (4) aluminum oxinate 


$65 mu excitation at room temperature for comparison with Curve (1) 


24) M 


Kasna, Di 9, 14 (1950) 
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on the efficiency, which was appreciably higher in chloroform than in 95°% ethanol. 
In general, efficiencies have been found to be lower in more polarizable (as measured 
by refractive index) solvents and in more polar solvents| 22]. 

The effect of the metal ion on the wavelength of maximum emission was more 
pronounced at the temperature of liquid nitrogen than at room temperature 
(Table 2). Emission spectra for cadmium, copper and lead oxinates changed with 
the wavelength of the exciting radiation as shown for copper in Fig. 2. The curves 
for aluminum and the remaining oxinates, excited by 315 mu as opposed to 365 my, 
differed only in intensity. Efficiency measurements were not made because 
facilities were not available for making absorption measurements at low tempera- 
tures. It was noted, however, that the intensities were greater than at room tem- 
perature thereby indicating that the quantum yields were quite probably higher 
owing to reduced internal conversion to the ground state and intersystem crossing 
to the triplet state. 

Discussion 

The absorption bands of oxine in chloroform, neutral ethanol, isooctane and 
EPA are probably due to allowed 7 * = transitions as suggested by the magnitudes 
of the molar absorbancies and the red-shift of the most intense band in more 
polar solvents and in solvents having higher refractive indices. The red-shift in 


more polar solvents was less pronounced (and in some cases doubtful) with the 
weaker of these bands. However, oxine is polar and the red-shift of a 7 * 7 band 


may be obscured in polar solvents| 25}. 

The fact that the long wavelength absorption band of the oxinates has a molar 
absorbance greater than that of the 315 my band of oxine by a factor equal to the 
number of ligands in the chelate led MogLLeR and ConEeNn{21] to suggest that these 
bands were due to the same transition. This same reasoning would also result in 
the assignment of the 365 ma band and perhaps the 368 my band in acid and 
alkaline solutions to the same allowed 7 .*. = transition. The fact that this band 
did not disappear in acidic solutions eliminated the possibility that it was of the 
n variety. 

It has been reported on the basis of other spectral evidence that hydrogen- 
bonding does not occur in oxine{26]. The similarity of the absorption spectrum 
of oxine in acid solution and the spectra of all oxinates in chloroform and in neutral 
ethanol implies a similarity in the structures of metal oxinates and the 8-quino- 
linium ion [17]. In the light of the present interpretation, the absence of hydrogen- 
bonding in oxine appears to be correct. 

The weaker absorption bands of the chelates and the 8-quinolinium ion shifted 
with changes in the solvent and metal ion in the same direction as the strong 
absorption band near 400 mu. A a * a band is suggested on this basis and also 
because these bands did not vanish in acidic solutions. The intensities of these 
bands were low and may indicate forbidden transitions. 

The emission spectrum and the luminescence efficiency show a dependence on 


the metal ion, the solvent and the temperature. It is important to note in Fig. 2 


[25) N. 8. Bayuiss and E. G. McRag, J. Phys. Chem. 58, 1002 (1954). 
{26} G. W. Ewrne and E. A. Sreck, J. Am. Chem. Soc. 68 2181 (1946). 
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that excitation of the new emission band required radiation having a minimum 
energy which corresponded approximately to the energy of the weaker chelate 
absorption bands. However, when the exciting radiation was sufficiently energetic 
to excite the new band, the normal longer wavelength band also appeared. Because 
the new band is more intense and on the short wavelength side of the normal 
emission band, /-phosphorescence is ruled out|27,28]. One can also rule out the 
presence of oxine as an impurity because its emission maximum is at 425 my, 
whereas these maxima were at significantly shorter wavelengths. Furthermore, 
the intensity of the new band is such that the impurity would need to have an 
extremely high quantum yield or be present in rather large amounts. The most 
reasonable explanation appears to be that emission originated from an upper 
excited state. This possibility has been mentioned by Lewis and Kasna{[27]. 

Emittance and structure. The relationship between fluorescence ability and 
chemical structure has been considered by several investigators|29,30|. The 
possibility of a stereochemical effect seems worthy of mention in accounting for 
the failure of certain chelates to fluoresce. Although stereochemical information on 
the metal oxinates is scanty, zine is reported to form a tetrahedral complex with 
oxine (sp*-orbitals)|31], and copper (LL) a square planar complex (dsp*-orbitals)| 32}. 
Complexes of lead (Il). magnesium, and cadmium are often tetrahedral, 
whereas the divalent transition metals nickel, cobalt and manganese, usually 
form square planar complexes|33]. The trivalent oxinates probably have an 
octahedral (d*sp*) arrangement of the ligands|33]. On the basis of these observa- 
tions, the square planar configuration of ligands is suggested as a possible cause of 
the failure of certain oxinates to fluoresce at room temperature. 

Copper (11) is usually co-ordinated with four ligands, but some cases have been 
34|. The 
excess ligands are believed to occupy positions perpendicular to the plane formed 


reported where five or even six ligands per copper atom are suspected 


by the normal four ligands which are ordinarily filled by solvent molecules or 
perhaps other copper atoms, also co-ordinated to four ligands. This type of struc- 
ture is not possible with octahedral or tetrahedral compiexes which are, so to 
speak, ‘‘co-ordinatively saturated.’ Lf other square planar complexes are similar 
to that of copper, there may be some connection between the appearance of fluores- 
cence and the formation of ‘‘co-ordinatively saturated” complexes. Oxinates 
of calcium and lithium are known to fluoresce and are ‘‘co-ordinatively 
saturated”’|35-37]. Certain other “‘saturated” complexes, ferric and chromic 
oxinaces in particular, are non-fluorescent, but unlike other oxinates they show 


[27] G. N. Lewis and M. Kasua, J. Am. Chem. Soc. 66, 2100 (1944). 

[28] G. N. Lewis and M. Kasna, J. Am. Chem Soc. 67, 944 (1945) 

[29] T. Forsvrer, Fluoreszenz Organischer Verbindungen Ch. 22. Vandenhoeck and Ruprecht, Gottingen 
(1951). 

[30] W. West, Chemical Applications of Spectroscopy (Edited by A. WEIssBERGER) Ch. 6. Interscience, 
New York (1956). 


[31 J.C. L. Liv and J. C. Batiar, Jr., J. Am. Chem. Sor 73, 5432 (1951) 

[32] R. Kruns and C. W. Dwiecens, J. Am. Chem. Soc. 77, 806 (1955 

[33 lr. Jnorganic Chemistry hap 7. Wilev. New York (1952) 

[34] J. Bserrem, C. J. BALLHOUSEN and C. K. Jorgensen, Acta Chem. Scand. 8, 1275 (1954). 
[35] F. Ferien and G. B. Hetstie, J. Chem. Educ. 29, 192 (1952). 

[36] H. Goro, Sei. Repts. Tohoku Univ. (First Ser.) 29, 204 (1940) 

'371C. E. Warre, M. H. Frercner and J. Parks, Anal. Chem. 23, 478 (1951). 
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weak absorption bands in the visible[38] which may be significant to the non- 
appearance of fluorescence if such bands are due to 7 .* x» transitions!24]. 


An attempt to form some “co-ordinatively saturated’? copper oxinate by adding 


a large excess of oxine did not lead to fluorescence. 


Iekn ledgements—One of the authors (W. E. O.) is indebted to the Solar Energy Foundation 
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APPENDIX 
Estimates of relative quantum effi: rency 


Che following derivation is, in part, a simplification of one given by Braunsperc and 
Osporn[( 39). The geometry involved in this calculation is shown in Fig. 3. 
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where A, is the area upon which the exciting radiation falls. Equation (6) gives the energy 


emitted by the sample in the volume element (x, — x,)A,, assuming that the sample does not 


absorb any of the emitted radiation. 
The exponential terms in equation (6) may be expanded: 


exp (—acx) ace (7) 


If the term acxr is not greater than 0-05, the terms beyond acx may be ignored without 
introducing an error greater than | per cent, and 


However, if acx is greater than 0-05 but less than 0-25, the third term of equation (7) must be 
included: 


aca 


Fluorescent energy is emitted in all directions from the sample so that only a fraction of the 


| 
E, = Al 


total energy, E, passed into the monochromator. The fraction depends primarily on the slit- 
width setting of the monochromator and the fraction is denoted by F’ 

E gk (10) 
where g is a proportionality constant. The phototube response, 2, is proportional (g’) to the 
energy which falls upon it: 

R (11) 
Thus by substituting equations (9) and (11) and combining several constants in k, including 
2-303 to convert In to log, the response of the phototube may be calculated from: 


2 1)! 


| 


If, now, more of the fluorescent sample is added to the cell such that the depth of solution 
in the cell is increased by an amount of dx the response of the phototube will change by an 
amount dR given by: 


dR = K®ac{(1 — acr,) dx, — (1 — acx,)dx,)} (13) 


if acx ia between 0-05 and 0-25. 
But dx, da » dx 


dR 


or, by rearranging and collecting constant terms: 
dR 
da 


K'Da*e* (15 


where A K (2, 


Equation (15) ia the basis of the method used in the present work to measure fluorescence 
efficiency. It was impossible to evaluate the constant K’ in absolute units, so all measurements 
were made on a relative basis against a substance with a known fluorescence yield. The reference 
compound was quinine sulfate in 0 1 N su'furie acid for which the quantum yield is reported 
to be 0-30f40),. 


Procedure. The concentrations of the solutions of quinine and the oxinate were chosen to 
give a value of acx between 0-05 and 0-25. A 10 p.p.m. quinine solution and approximately 
0-03 mM oxinate solutions were used. The absorption of both the reference and unknown 


solutions were measured in 1-0 em* fuse d silica cells at 365 mya using an U-S mm slit Ww idth setting 


on the Beckman Dt spectrophotometer Ihe fluorescence mntensity ot both the quinine and 


40) EF. J. Bowen and F. Woxes, Flucrescence of Solutions pp 21-22. Longmans, London (1953 
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Fluorescence of some metal chelate compounds of 8-quinolinol—II* 
Effects of acid, alkali and ultra-violet radiation 


OuNESORGE* and L. B. Rocers 


W.E 
Department of Chemistry and Laboratory for Nuclear Science, 
Massachusetts Institute of Technology, Cambridge 39, Mass 


(Received 23 May 1957; revised 25 Auqust 1958) 


Alkaline decomposition of oxinates formed with the trivalent ions of the metals of 
with the 


Abstract 
Group IITA appears to lead to formation of the 8 quinolinate ion from the oxinat« 
mechanisms of oxinate 


formation of an intermediate, possibly oxine. On the other hand, the 


dex Omposition by acid and by light do not appear to be simpk . The existence of a fluorescent 
emission maximum. Though oxine 


intermediate in both cases was indicated by a shift of the 
or 


may be one product, it is necessary to postulate a second intermediate, such as AlOx, 


AlOx* . to account for the increase in emittance observed in decompositions by acid and by 
Acid, produced by the photolysis, may account for the similarities in the 


ultraviolet radiation. 


results. 


Introduction 
So._uTions of certain chelate compounds of 8-quinolinol (oxinates) lose the ability 
to fluoresce when acidified, treated with strong alkali or exposed to intense 
ultraviolet radiation. Although kinetics and nature of the photolysis have not 
been fully characterized, it has been found that the stabilities toward radiation of 
the oxinates formed by the aluminum group trivalent metals, like their fluorescence 
efficiencies, decrease with an increase in the atomic number of the metal ion |!,. 2}. 
The present study of decompositions was undertaken in an attempt to characterize 
the photolytic process and to evaluate the extent to which photolytic decomposition 
offered an alternative path to fluorescence as a means of dissipating excitation 


energy. 


Experimental 


Reagents and apparatus 

The apparatus and the preparation of the chelate compounds have been described earlier [2]. 
Stock solutions 1-0 mM and 0-20 mM in oxinate were prepared in reagent grade 95°, ethanol 
Standard 0-1 N and 0-01 N solutions of sodium hydroxide 


and in reagent grade chloroform. 
and hydrochloric acid were prepared in 95°, ethanol. 
Procedures. Chelate samples in chloroform and in 95°, 
toward ultraviolet radiation by direct exposure to a high-pressure mercury lamp for 15 min. 
The trivalent series was examined further by exposing oxinate samples in 1 cm®* fused-silica 


ethanol were tested for stability 


cells to radiation from a low-pressure mercury source for shorter periods. Measurements of the 


absorbance at the long-wave length maximum (near 390 my) and the fluorescence excited by 
Decomposition of each oxinate by addition 


365 my radiation were made after each exposure. 
of successive increments of an acidic or an alkaline 95°, ethanol solution to a sample in neutral 


* This paper was taken from a thesis submitted by W. E. OnNEsoRGE in partial fulfilment of the 


requirements for the degree of Doctor of Philosophy at the Massachusetts Institute of Technology, 


Cambridge, Massachusetts, August 1956. 
Department of Chemistry, University of Rhode Island, Kingston, Rhode Island. 


* Present address: 


T. Moetuer and A. 8S. Conen, J. Am. Chem. Soc 72, 3546 (1950). 
W. E. Onnesorce and L. B. Rocers, Spectrochim. Acta. 27 (1959). 


{1} 
[2] 
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95°, ethanol was examined by measuring both the absorption and the emission after the addition 


of each increment of standard acid or base. 


Discussion of results 
Decomposition by acid or alkali 

Curves for gallium, indium and magnesium oxinates were similar in shape to 
those of Fig. 1 which shows the change in the absorption at 375 my and emission 


0.30r- | 
= < 
| & 


60 120 86.240 300 
OH7AR*S 


Fig. 1. Effect of alkali on the absorbance and emittance of a solution initially containing 
(-04mM aluminum oxinate in 95°, ethanol. Data have been corrected for dilution: 


absorbance at 373 my; emittance at 520 mu, 365 my excitation. 
at 520 my of an aluminum oxinate sample with increasing amounts of added 
alkali. One can explain these curves on the basis of the following considerations. 
The molar absorbance at 373 my of oxine (about 25) was small compared to those 
of aluminum oxinate (6-0 »« 10°) and oxinate ion (2-7 « 10%) [2,3]. Addition of alkali 
caused a slow constant decrease in the concentration of the aluminum oxinate, as 
indicated by the fluorescence data and the formation first of a less strongly 
absorbing species, possibly oxine, and then the more strongly absorbing oxinate 
ions. With a large excess of alkali, oxine was converted to the oxinate ion so that 
the principal absorbing species present was the non-fluorescent oxinate ion. 
However, a weak fluorescence persisted that must have been due to a small 
amount of aluminum oxinate. 

Fig. 2 shows analogous curves for absorbance and emittance as a function of 
added acid. The absorbance curve can be explained in much the same way as was 
the corresponding curve with sodium hydroxide except that, in this case, there is 
little question that the weakly absorbing oxine is an intermediate. The final rise 
is due to formaticn of the 8-quinolinium ion for which the molar absorbance at 
373 mu is 2-0 10%, 

The emittance was expected to decrease from the first addition of acid because 
the 8-quinolinium ion does not fluoresce and oxine fluoresces so weakly that it 
could not be detected with the monochromatic excitation used [2]. The fact that 
there was an initial increase in emittance rather than a decrease suggests several 
possibilities: 

(1) The increase in fluorescence intensity might be due to a decrease in attenua- 


tion of the exciting beam |4]. However, Fig. 3 shows that a decrease in absorbance 


MOELLER and F. L.. PuUNDSA( K, J. Am. Chem. Soc. 76, 617 (1954). 
4) W. E. Ounesorce and L. B. Rocers, Anal. Chem. 28, 1017 (1956). 
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Emittance -Arbitrary Units 


Fig. 2. Effect of acid on the absorbance and emittance of a solution initially containing 
0-04 mM aluminum oxinate in 95°% ethanol. Data have been corrected for dilution: 
- emittance at 520 my, 365 my excitation. 


absorbance at 373 my; 


from 0-8 to 0-5 (by dilution) did not produce an increase in emittance at 520 my. 
2) Oxine has been shown to be an intermediate so that if there were absorption 


by some other species (the oxinate or 8-quinolinium ions) at 365 my and this 


energy were transferred to the oxine molecules, then oxine fluorescence, normally 
very weak, might be sufficiently enhanced to produce the unexpected increase. 


| | 


0.80 
0.70 


= 
w 
( Arbitrary Units) 


| 
§ 050} 
5 
040+ 
£ 
0 30+—-— — - = 
| | & 
0.20}— | 
002 0.06 008 012 
Conc ALOxs 
(mM) 
Fig. 3. Emittance and absorbance as a function of aluminum oxinate concentration: 
absorbance measured at 373 my; emittance measured at 520 mua, 365 mu excitation. 


Examples of similar energy transfers have been reported[5|. It was found, however, 
that addition of acidified ethanol to solutions initially containing oxine or thallic 
oxinate (also very weakly fluorescent) produced no measurable fluorescence. 
Absorbance vs. added acid for the thallic solution was similar to the corresponding 
curve for the aluminum oxinate (as were those of the gallium and indium oxinates). 
The oxine solution gave the absorption curve shown in Fig. 4 indicating the 
formation of the 8-quinolinium ion. 


[5| P. Princsnem, Fluorescence and Phosphorescence p. 287 Interscience, New York (1949). 
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(3) A fluorescent intermediate other than, or in addition to, oxine might be 
produced, e.g. AlOx,* or AlOx®*. The formation of such an intermediate could 
produce increased emittance at 520 my though it is quite likely that its fluorescence 
spectrum would be somewhat different from that of the original oxinate. 

(4) Another possible mechanism might involve energy transfer from an inter- 
mediate to the oxinate leading to increased emittance from the oxinate. 


Absorbance 


© 
w 


20 30 +40 #50 
H*/ HOx 
Fig. 4. Titration of oxine with 0-0063 N hydrochloric acid in 95°, ethanol, using absorbance 
measured at 365 mya (no emittance observed at 535 mua with 365 my excitation). 


Two experiments were performed to test hypotheses 3 and 4. Table 1 shows 
the effect on the emittance and absorbance of mixing a fixed quantity of aluminum 
or indium oxinate in 95°, ethanol with oxine alone or with oxine plus acid. The 
data suggest the formation of an intermediate, other than oxine. which enhanced 
the fluorescence when acid was present. 

In the second experiment measured increments of acid were added to a solution 
of aluminum oxinate in ethanol. The absorbance was measured at 373 me and 
the fluorescence spectrum was recorded from 400 to 600 mya using 365 my excita- 
tion. The results, also shown in Table 1, indicated a small but measurable change 
in the wave length of maximum emission with added acid. This experiment was 
repeated with ethanolic solutions of indium oxinate and again the shift was 
observed. In this case, however, the shift was from 540 my to about 515 mu. 
Although these data do not eliminate the possibility of an energy-transfer process, 
the change in the emission maximum observed on adding acid strongly suggests 
the presence of an intermediate which emits its own fluorescence. 


Decomposition hy ultraviolet radiation 


When exposed to intense radiation, solutions of trivalent oxinates lost the 
ability to fluoresce and the absorption band near 390 my disappeared. A gradual 
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Table 1. Absorbance and emittance data for 95% ethanol containing 1- 


of aluminum or indium oxinate, hydrochloric acid and oxine (HOx) 


2 mEq 


Emittance 


HOx HCl 


Absorbance * 
(mEq) (mEq) 


Trial 
Intensity t 


0-578 18: 
0-673 17- 
0-415 
0-459 
0-463 
0-507 
-362 9- 
“394 
Al -2248§ 20-8 
Al 21-8 
Al 22- 
Al 26- 
Al 25- 
Al 0-130 25-1 
Al 0-146 21-9 


Maximum? 
my 


520 
520 
516 
516 
537 
536 
535° 
522 
520 
518 
516 


521 
522 


521 


* Absorbance measured at 373 my for aluminum solutions; at 383 my for indium solutions. 


+ Emittance, in arbitrary units, excited by 365 my; aluminum solutions measured 


indium at 540 mu. 
* Wavelength of maximum emittance 
§ Volume of sample not the same for trials 1 and 9. 
Weaker peak near 500 my was detected. 


Table 2. Effect on the absorbance of oxinate solutions of exposure to intense ultray 


at 520 my and 


iolet radiation 


Absor bane 


Wavelength — 
(my) Before 
exposure 


Metal Solvent 


Oxine CHCl, ‘570 
Oxine 95%, EtOH ‘860 
Oxine HCL-EtOH* 
Oxine HCLEtOH 365 451 


Cull CHCl, ‘386 
Cull 95°, EtOH ‘ ‘118 
Phu CHCl, 39: 410 


Al CHCl, 38 ‘285 
Ga CHCl, 3s 365 
In CHCl, 39: 303 


After 


exposure? 


0-570 
0-845 
0-340 
0-448 


0-860 
1-094 
0-195 


0-0487 
0-LO8*F 
0-083 


Wavelength given is that at which absorbance was measured. 
N HCl in 95%, EtOH. 
+ After 2 min direct exposure to high-pressure lamp. 


After 15 min direct exposure to high-pressure lamp. 
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decrease in the absorbance was observed after each exposure as shown in Fig. 5. 
The photolysis followed first-order kinetics. The slope of the curve of the logarithm 
of absorbance vs. time was a measure of the relative rate of photolysis and the 
values given in Table 3 were calculated for each oxinate both in chloroform and 
in 95°, ethanol. 

These results are in agreement with those previously reported“ though it is 
important to note that the previous work was done only in chloroform and did not 


€ 
5 
2 
2 
aq 


Time min ) 


Fig. 5. Absorbance of trivalent oxinates in 95‘ ethanol as a function of time exposed 
| 


to ultraviolet radiation 1) aluminum, absorbance measured at 373 mya; (2) gallium, 


absorbance neasured at 379 mu: 3) indium, absorbance measured at S83 ma: (4) 
thallium, absorbance measured at 387 my 


include data on aluminum oxinate. Because of the position of aluminum oxinate 
in the stability series and its lower stability in chloroform than in ethanol there 
seems to be no simple correlation between the rate of photolysis and luminescence 
efficiency. 

Results with chloroform solutions were different from those in 95°) ethanol in 
two other respects. All oxinates in chloroform, with the exception of aluminum, 
showed a noticeable increase in the absorbance following an initial decrease. A 
second difference, observed only with aluminum oxinate in chloroform. was the 
decrease in absorbance in the absence of radiation once the sample had been 
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exposed to the low-pressure lamp for 2 min. The absorbance continued to decrease 
for approximately 10 min in the dark and finally became constant at 0-085. 
Another experiment, in which two samples were exposed for 2 min and the 
absorbance of each was determined every 30 sec, showed no difference between 
the rates of decomposition of these samples even though one of the samples was 


Table 3. Relative rate constants for the photolysis 
of trivalent oxinates 


Rate constant (min~') 


Oxinate 
CHCl, 95% EtOH 


fast * 0-0030 


0-098 0-0020 


0-46 0-0086 


0-48 0-091 


* See text. 


Table 4. 


Emittance at 540 mu of 0-10 mM indium oxinate solutions in 


chloroform after exposure to ultraviolet radiation 


Emittance excited by 365 mu 


Time 
Absorbance 


exp wed 


at 391 my Intensity 
(min) (arbitrary 
units) 


Maximum 


(my) 


0-620 255 537 

l 0-368 257 512 
2 0-173 262 491 
3 0-143 260 490 
5 0-196 234 191 
S 0-204 none none 
15 0-559 none none 
75 0-154 none none 


kept in the dark between measurements and the other was in the light path of the 


spect rophotome ter. 


Comparable studies of fluorescence were also made following direct irradiation 


of the sample with unfiltered ultraviolet energy. Instead of a gradual decrease in 


the fluorescence intensity on continued exposure of the sample, an initial increase 


preceded the decrease in the emittance as shown in Table 4. The increase could 


not be accounted for in terms of a decrease in attenuation of the exciting beam in 


the partially decomposed solutions. 
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An additional anomaly in the emittance data was a decrease in the wavelength 
of maximum emission upon exposure of aluminum and indium oxinates to ultra- 
violet radiation (see Table 4). Such a change did not take place when a 0-25 mM 
solution was merely diluted to 0-025 mM. Furthermore, it was observed that the 
apparent pH of a partially decomposed oxinate solution in ethanol was less than 
that of a solution which had not been exposed to the high-intensity radiation. The 
change in the fluorescence spectrum and the increase in emittance indicate that an 


intermediate, more strongly fluorescent than the original, oxinate was produced in 


the photolytic process 


cnt One of the authors (W. E. O.) is indebted to the Solar Energy Foundation 


vship; the other wishes to thank the Atomic Energy Commission for partial support. 
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The spectrographic analysis of antimony and antimony sulphide 
for heavy metals 


G. F. G. Kyipe* 
Research Department, African Explosives & Chemical Industries Limited, 
P.O. Northrand, Transvaal 


(Received 10 October 1958) 


Abstract — Methods have been developed for the determination of heavy metals in antimony and 
antimony sulphide. Antimony is converted to antimony oxide by reaction with concentrated 
nitric acid, mixed with graphite, and compared with prepared standards of antimony oxide 
using a d.c. are. Antimony sulphide is mixed with graphite and compared directly with antimony 
sulphide standards containing known amounts of heavy metals. The antimony serves as a 


satisfactory internal standard. 


Introduction 
Antimony and antimony sulphide used in the manufacture of certain explosives 
must be free from metals such as arsenic, copper, iron and lead which tend to form 
unstable compounds. As the wet methods of determining these elements are very 
lengthy and the results are of doubtful accuracy, it was thought that improved 
accuracy and speed could be obtained using a spectrographic me ‘tthod, and that a 
statistical analysis would give an estimate of the precision obtainable. 


Method 


Spectrographic methods for the analysis of impurities in metallic antimony, 
using spark methods, have been published |1-3] but no references to the use of 
the d.c. are could be traced. In the present work, the metallic antimony is converted 
to the oxide and antimony is used as internal standard. The impurities in which 
we are interested, namely arsenic, bismuth, copper, iron, lead and zinc, behave 
similarly to antimony when vaporized in the are. Arsenic, lead and zine vaporize 
somewhat more easily, bismuth practically equally and copper and iron with more 
difficulty. Evaporation difficulties were minimized by mixing the samples with 


graphite and arcing to completion using a d.c. are. 


Choice of spectral lines 


It was necessary to measure element concentrations between 1-0 per cent and 


0-01 per cent. It was therefore not necessary to se ‘lect particularly sensitive lines, 
and suitable lines based on convenient intensity, stability and proximity in wave- 
length were chosen. The choice was, however, not very wide and the intensity of 


° | Present address. Union Observatory, Observatory, Johannesburg, Transvaal. 
_P. Aaricytan, Izvest. Akad. Nauk SSSR, Ser. Fiz. 4, 20; Chem. Abstr. 35, 1343 (1940). 
M. SoLopovnik and A. K. Rusanov, Jzvest. Akad. N Nauk SSSR, Ser. Fiz. 9, 635; Chem. Abstr. 


40, 4973 (1945). 
‘31 K. K. Zax, Izvest. Akad. Nauk SSSR, Ser. Fiz. 11, 301; Chem. Abstr. 42, 1843 (1947). 
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some lines was rather lower than desirable. The lines chosen are listed 
Table 1. 
Table 1. Analysis lines for impurities in antimony and 
antimony sulphide 


Wavelength Exciting potential 
(V) 


Element 


83 
Antimony 


Arsenic 

Bismuth 2898-0 

3247-54 
| 2824-4 

Lron 3020-6 

Lead 2833-1 

Zine 3345-0 


ypper 


Preparation of standards 

Pure antimony oxide for the preparation of standards was made by dissolving 
antimony metal in concentrated redistilled nitric acid. This was heated until all 
the antimony had dissolved. A small amount of pure hydrochloric acid was then 
added and the contents of the beaker heated until the mixture had evaporated to 
about one-quarter of its initial volume. Water was added and the mixture filtered 
through sintered glass. The precipitate was washed about ten times with hot dilute 
nitric acid. The oxide was then removed from the filter funnel and dried in an oven 
at 120°C. The dry powder was tested spectrographically for purity and, as it was 
found to be free of the elements to be determined, was used to make up six standard 
samples containing between 1 per cent and 0-01 per cent of the elements to be 
determined, relative to the weight of antimony taken. There are some discrepancies 
in the literature regarding the product formed by oxidation, some authors stating 
that the product is antimony trioxide or pentoxide, others that it is an oxynitrate. 
Measurements made in this laboratory favour the latter hypothesis. However the 
chemical nature of the product is unimportant for the present purpose as the 
impurities are related to the weight of metallic antimony present. 

The impurity elements were added to the oxide in solution using a micrometer 
syringe and solutions made from ferrous ammonium sulphate, copper foil and 
arsenious oxide dissolved in nitric acid. Lead, bismuth and zine were added as 
solutions of their salts. 

The standard mixtures were dried and an equal weight of graphite, with 
sufficient alcohol to form a slurry, was added. They were then thoroughly mixed 
and dried in a desiccator. 


Antimony sul phide 
Standards were prepared in a similar way, using spectrographically pure 
antimony sulphide supplied by Johnson, Matthey & Co. Bismuth and zine were 


G. F. G. Ei 
l 5-69 
6-7 
5-60 
3:8 
5-78 
4:1 
4-4 
7:75 
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determined in this case in addition to the elements determined in antimony metal, 
as they are occasionally found in the sulphide. 


Experimental conditions 


Spectrograph Large dispersion quartz Hilger E 478 


Waveband setting 2480-3600 A 

Slit width 0-015 mm 

Step sector and lens 2 em from slit Hilger H 698 
Are length 8 mm 

Length of are used 4 mm Using diaphragm 


Are current SA d.c. 


Sample electrode Carbon, cavity 3 mm diameter Tightly packed with sample 


6 mm deep 
Counter electrode Carbon, pointed, with rounded tip Diameter 5-5 mm 


Exposure time 1} min approximately Burnt out 


Plate Ilford thin film half tone 
Development 5 min in Kodak D19 at 20°C 
Fixing and washing Normal 


Photometry. The characteristic curve of the emulsion in the required spectral 
region was determined using a step sector, with a 2 : 1 intensity ratio between steps, 
rotating in front of the slit which was uniformly illuminated by a condenser lens 
forming an image of the arc on the collimator. A preliminary curve was constructed 
relating the density of each step to the adjacent step on the step sector image on 
the plate and from this the characteristic curve of the plate was derived[4|. Both 
curves were plotted on a Respektra calculating board, using Seidel functions to 
straighten the curves. Background densities were low in all cases (approximately 
0-1) and were neglected in calculating line intensity ratios. 

The intensities of each of the element lines was related to the internal standard 
line in each standard mixture using the characteristic curve, the mean of four 
determinations being used to improve precision, and working curves for each 
element were drawn up. 

Working curves for antimony. These are shown in Fig. 1 and are linear within 
the experimental errors, the best straight line connecting log J (metal) — log J 
(antimony) with the element concentrations being derived by the method of 
least-squares. 

The coefficient of correlation, r, between the variables was calculated and from 


» — 


- 7 is the difference of a reading of log concentration from the mean and N is 


this o,, where 


Methods for Emission Spectrochemical Analysis p. 23. A.S.T.M. (1953). 
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Fig. 1. Impurities in metallic antimony. 


the number of determinations. The value of ¢ for the appropriate number of 
determinations and a 5 per cent probability that ¢ will exceed the tabular value 
was then used to calculate tc,, giving an estimate of the expected variance in the 
measurement of concentration for a particular value of the log-relative line 


intensities. 95 per cent of all determinations would be expected to lie in this range. 


The values of tc, were as follows: 


Element 


Arsenic 0-319 
Copper 0-232 
Iron 0-251 
Lead 0-226 
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In practice four exposures are made on each sample thus halving the uncertainty 
in the measurements. 


Working curves for antimony sulphide. The curves relating impurity element 


concentrations to log intensity were not all linear in the case of antimony sulphide 
and probability limits could not be calculated (Fig. 2). Instead, the average value 
of the standard deviation of the log / ratios was calculated for each element and 
these are listed in Table 2. 


Fig. 2. Impurities in antimony sulphide. 


Table 2 


Element Standard deviation Coefficient of variation (°,) 


Arsenic 0-036 
Bismuth | 0-033 
Copper 0-028 
Iron 0-061 
Lead 0-019 
Zine 0-043 
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The curve for zine in antimony sulphide, shown in Fig. 3, uses zine 3345 A and 
the adjacent antimony line at 3383 A instead of the antimony line at 2851 A used 
for the other elements. This choice reduces photometric errors. 

Samples received for analysis. Pure redistilled nitric acid is added to the 
antimony which is usually received in the powdered form. It is gently warmed 
until the antimony is completely converted to the oxide, and then heated more 
strongly to evaporate the excess nitric acid. An equal weight of spectroscopically 


Fig. 3. Zine in antimony sulphide. 


pure graphite is added, together with a little alcohol and the samples thoroughly 
mixed and dried in the same way as the standards. 

Antimony sulphide samples are finely ground, mixed with an equal weight of 
graphite, using alcohol to assist mixing, and dried. 

After exposure in the same way as for the standards, the relative log / ratios 
are calculated for each impurity element and the concentration of each impurity 
read from the appropriate chart. 

Time necessary for measurements. Conversion of metallic antimony to the oxide 
and subsequent evaporation of the acid is rather slow and may take | hr but apart 
from this the method is rapid. 


Estimated working times 


Conversion of antimony to antimony oxide 1 hr 

Grinding and mixing 15 min 
Exposure, including the filling of four electrodes 30 min 
Development of plate 15 min 
Measurement of four lines on five metals 30 min 
Calculation and reading line ratios 30 min 


Total 3 hr 
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Accuracy. Owing to the poor accuracy of the chemical methods it is not possible 


to give figures for accuracy, but it is clear from the improved reproducibility of the 


spectrographic results that the accuracy is also greatly improved. Since the 
impurities are generally well below the specified limits, high precision is unimportant, 
but if any elements approach the specification limit, repeat determinations can be 
used to make a final decision on acceptance or rejection of the consignment. 


Acknowledgement—The author's thanks are due to African Explosives and Chemical Industries 
Ltd., for permission to publish this work, 
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Abstract—A refinement of Morino’s approximate formula for mean square amplitudes due to 
harmonic vibrations in polyatomic molecules is given. Approximate formulae with four terms 

PI 
based upon a four-constant approximation for the hyperbolic cotangent, are evaluated. The 


method may be applied for ranges of vibrational frequencies up to about 3000 em ! the error 


in the mean amplitude being not more than about 0-5 per cent. 


THE rigorous method of calculating mean square amplitudes of vibration as 
developed by Mortvo ef al. [1] is based on the formula 


= > (1) 
A 
(), represents the normal co-ordinates of vibration, and S, is a co-ordinate connected 
with the normal co-ordinates through the linear transformation: 
8S; = > Lad, 
As pointed out by these investigators in a subsequent paper [2], the procedure for 
computing the coefficients L,, involves troublesome calculations. The calculations 


are avoided by an approximate method deduced by the same authors [2] and based 
on the approximation 


t 
coth ¢ (3) 


for the hy perbolic cotangent which enters into the expression for ,* of equation (1). 
The derived approximate formula is very simple, but it cannot be used for vibra 
tional frequencies above about 1200 cm~!. The reported error in the mean amplitude 
is up to 4 per cent in the case of frequencies below 1200 em~'. 

In the present article, Morryvo’s method is refined by including further terms 
in the approximation for coth ¢. The resulting formulae are not quite so simple as 
the formula of Morro, but they give greater accuracy for the mean amplitudes 


and have been adjusted for ranges of frequencies up to about 3000 em~'. 


General theory 


The theory will be developed with an approximation for coth ¢ containing four 
terms, viz 
coth — (4) 


Morro, K. Kucurrsv and T. Samanovent, J. Chem. Phys. 20, 726 (1952) 
Mortvo, K. Kucurrsv, A. TAKAnasu and K. Marna, J. Chem. Phys. 21, 1927 (1953 
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Calculating mean amplitudes of vibration from spectroscopic data—I 


The 6's are constants, which may be adjusted in correspondence to the range of 
vibrational frequencies. 

Let A and A denote diagonal matrices, with the elements along the principal 
diagonals respectively 


A, = (5) 


and 


(6) 


By introducing the approximation (4) with ¢ = hy,/2kT7 in equation (6) and making 
use of the relation (5), the following formula is obtained: 


A + yA" + af — BA (7) 


Here 
h 


h*0, 
y = 0_,kT (10) 


0 (11) 


S=IQ (12) 


in matrix notation, where S and Q are column matrices. Hence the expression for 


the mean square amplitude, equation (1), becomes: 


S,? = (LAL),, (13) 


By inserting equation (7) and making use of the relations [3] 


LFL =A (14) 
LL (15) 


the matrix L may be eliminated with the result 


S? OFGF),- yF,' + aG (16) 


Compared with MortNo’s approximate formula [2| two additional terms appear. 
Consequently, the whole F and G matrices must be known, and in addition to a 
few matrix multiplications an inversion is implied. Because of the diagonalization 
of the matrices, the calculations will be greatly facilitated when S,, see equations 


(2) and (12), are chosen as symmetry co-ordinates. 


Let the desired mean square amplitude be denoted by R,?. We will now assume 
that R, does not occur among the set of internal co-ordinates S,, used for setting 


(3) E. B. Wirson, Jr., J. Chem. Phys. 7, 1047 (1939); 9, 76 (1941). 


|| 
h hy 
coth 
k 
2k7 
15 “i 
959 The transformation (2) may be written: 
57 


Ss. J. Cywrs 


up the F and @ matrices which enter into equation (16). In such cases the 
transformation 


SUS (17) 


is very useful In m itrix notation it can be written 


R,=US=U,LQ (18) 


where U, is the column matrix formed by the coefficients U,.. Consequently, the 


formula for the mean square amplitude, similar to equation (13), reads: 
R?2 = U(LAL)U (19) 


and, after elimination of L in the same way as previously, vields the following 


result 


R? (FGF)AU, + yU + 20 GU, — pU (20) 


Table 1. Mathematical approximations to coth ¢ 


Morino* 


(yt (IV) 


l l 1-310 
1-5 1-105 14905 1-120 
2-4) 14927 1-053 1-032 
9.5 1ol4 1-025 1-023 
3-5 Lol 14008 O04 
54) 1 Lolo 
5 l O- 
l l 003 
1-003 
l 


m211. 6 46. 0 1-310. 6 208 

84 0-170, 6, 6. 1-665, (STS 

139, 0, O74. 6 2-915 


Adjustment of the 6’s 

The constants 6 of equation (4) were adjusted by a least “squares method. The 
following four intervals of t were chosen for working out the four-constant 
approximations: 


(I) ¢ 0-5-4-0 
(Il) ¢ 
(III) ¢ 
(IV) ¢ 


= 
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Calculating mean amplitudes of vibration from spectroscopic data— I 


Which of these intervals should be applied in the mean amplitude determination 
depends on the magnitude of the fundamentals contributing to the vibration in 
question. The approximations to coth ¢ are given in Table 1, where also Mortno’s 


approximation, equation (3), is included. The deviations from coth ¢ are found to 
lie within about +1 per cent by the four-constant approximation, corresponding 


to about ~-0-5 per cent error in the mean amplitude. 


Table 2. Numerical constants for calculating mean amplitudes of vibration* 


(I) (¢ = 0-5-4-0) 102 10°8 102 1054 


(190-1519 em-!) 1-18576 2-82449 0-40573 0-48344 
298 (207-1658 em~-!) 1-08634 2-17192 0-44287 0-62870 
323 (225-1797 1-00230 1-7O584 0-48000 0-S0048 


10°58 1046 


(380-2088 em-!) 0-93706 1-28671 0-49397 0-66594 
208 (414-2279 em-!) O-85849 0-98943 0-53918 0-86602 


323 (449-2471 0-79208 O-77710 0-58439 1-10264 


1087 


2468 em-!) 0-75498 0-69566 0-62783 0-28014 


298 (622-2694 em-!) 0-69168 0-53494 0-68529 0-36431 
323 (674-2920 0-63817 0-42014 0-74275 0-46385 


(IV) (t 2-0-7-5) 10°x 13 10% 1034 


T = 273 (759-2848 em~!) 0-61731 0-40275 0-78206 0-70916 


298 (829-3108 em-!) 0-56555 0-30970 0-85363 0-92223 
322 (898-3369 cm-!) 0-52180 0-24324 0-92521 1-17421 


* Based on the following phy sical constants: c 2-997929 . 10!" em-sec—!, N 6-02472 . 107" mole 
6-6252 . 10-27 erg-sec, | 1-38042 . 10-"* erg-deg-!, 


Numerical constants 

The constants «, 8, y and 6 have been enumerated according to equations 
(8)-(11) for each of the approximations (I)-(I[V) and at the three temperatures 
T = 273, 298 and 323°K. The numerical values are given in Table 2. To obtain 
the mean square amplitude in A? units. mdyn/A and atomic weight units should 
be applied to the force constants and the masses. which enter into the elements of 


F and G matrices, respectively. 


(11) = 10-65) 
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The infrared spectrum and molecular structure of carbonylbromofiuoride 
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Nashville, Tennessee 


(Received 9 September 1958) 


Abstract—The infrared absorption spectrum of gaseous COBrF has been observed with a 
prism spectrometer. The six fundamental vibration frequencies have been located, and the 
entire spectrum has been interpreted on the assumption the molecule possesses C, symmetry. 


Ir is the purpose of this study to report the infrared spectrum and the implied 
structure of the molecule carbonylbromofluoride, COBrF, for which no previous 
work on either the infrared or Raman spectrum has been published. 


BOURDON 
GAGE 


TO THERMOCOUPLE GAGE 


Or To 


Fig. 1. The vacuum system. 


The sample was prepared in this laboratory using the reaction reported by 
Kwasnik [1]. Essentially it consists in bubbling carbon monoxide through 
bromine trifluoride to form COBrF and COF,. For this purpose the vacuum 
system of Fig. | was devised, using copper tubing and monel valves and making 
traps A and D of copper, while traps B and C were of fluorothene to permit visual 
observation of the color and amount of the product. Before the reaction was 
attempted the system was conditioned with chlorine trifluoride. The tank of 
BrF, was connected to the system through a flexible fluorothene tube which 
allowed one to pour BrF, directly into trap A under vacuum. Carbon monoxide 
was then bubbled through the BrF, at a slow rate. The reaction is exothermic 
and proceeds immediately. During the reaction, trap A was maintained at 
approximately 60°C and trap D was cooled with a dry ice and Dowano! mixture 
to collect the product. The condensate was mainly COBrF, the COF, passing 


* Now at the Department of Physics and Astronomy, The Ohio State University, Columbus, Ohio. 


1) W. Kwasntk Inorganic Chemistry Vol. |. FIAT Review of German Sciences, 1939-1946 (1948). 
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The infrared spectrum and molecular structure of carbonylbromofluoride 


along to the trap protecting the pump. where it was frozen out with liquid nitrogen. 
However, it was found impossible to remove all the COF,, even by successive, 
simple distillations using the fluorothene tubes B and C. Nonetheless, by observ- 
ing the spectrum of the sample after each distillation, it was possible to ascertain 
in most cases those bands which increased in intensity, namely those due to 
COBrF, and distinguish them from the known bands of COF, which decreased in 
intensity. 


PERCENT ABSORPTION 


2 
i l i i | i i i i | i i | 
$00 1000 1500 2000 


FREQUENCY IN CM” 


Fig. 2. Infrared spectrum of carbonylbromofluoride. 


15 


The spectrum of COBrF in the gas phase was obtained from 2 to 38 uw using 
the Perkin-Elmer double-beam spectrometer with appropriate prisms for the 


various regions. 

The gas was placed in a 10 em glass cell closed with KBr windows for most of 
the spectrum studies. Although window bands appeared at 479, 522, 532, 734, 
1029, 1232, 1450 and 2055 cm~!, these did not interfere with the examination of 
the spectrum, being easily subtracted. Some runs were also made at high pressure 
(60 in. Hg) using a metal cell with windows of polyethylene clamped against the 


ends. 


Results 
The spectrum is shown in Fig. 2. The bands displayed are thought to be only 
those of COBrF, the ones due to COF, having been eliminated. The band enve- 
lopes are in most cases clearly delineated and provide assistance in interpretation. 
There is an unmistakable similarity to the spectrum of COCIF [2]. The frequency 
maxima are listed in the Table 1, which also gives the intensities in the usual 


manner. 


Interpretation 
From the work on COCIF by Nrevsen ef al. [2], as well as for other reasons, 
one would postulate that COBrF is a planar molecule belonging to the C, point 
group. It would be expected to possess a single plane of symmetry, that passing 
through the four atoms, and there should be six fundamental vibration modes, 


all non-degenerate, five of species A’ and one of species A”. The six fundamentals 
are both infrared and Raman-active, but the present study does not include 


[2] A. H. Nretsen, T. G. Burke, P. J. H. Wowrz and E. A. Jones, J. Chem. Phys. 20, 596 (1952). 
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Table 1. The infrared spectrum of COBrF 


Frequency 
Intensity * Interpretation 


(em 


335 vvw Fundamental 

398 vw Fundamental 

620 m Fundamental 

674 w 2 335 670 

682 w 

72 8 Fundamental 

743 m 335 398 733 

787 vw 2 398 706 
1068 vs Fundamental 

1115 m 721 398 1119 
1141 vw 1874 72 1153 
1203 vvw 3 398 1194 
1261 Ww 2 620 1240 
1464 vw 1068 — 398 1466 
1794 w 72 1068 1789 
1874 vs Fundamental 
2140 Ww 2 1068 2136 
2270 vw 1874 398 2272 
2940 vw 1874 1068 2942 
3750 w 2 1874 3748 


*y very; w weak; m medium; 8 strong. 


2aman data which is precluded for the time by the experimental difficulties. All 
binary and ternary combinations are active in the infrared. 

The very strong band at 1874 cm~™* may immediately be assigned to the 
(C—O stretching vibration. Its structure, intensity, and frequency position are all 
very similar to the corresponding band in C¢ CIF at 1868 cm-'. A very strong 
band occurs at 1068 em~' and one of only slightly lesser intensity at 721 em~"', 
both of parallel type. These are surely to be associated with the valence stretches 


of the bromine and fluorine bonds, which are usually quite intense. Since the out- 
of-phase stretch is always found at a higher frequency than the symmetric stretch, 
the band at 1068 em-' is assigned to the former mode and the band at 721 em . 
to the latter mode. 

We come now to the Br —C—F bending mode. The band associated with this 
vibration would be expected to be weak and found at a position roughly half that 
of the Br—C—F stretching vibrations. The weak band of doublet structure at 
398 cm! is the most appropriate one. As for the remaining assignments, those to 
be attributed to the rocking modes, the medium strength band at 620 cm~* must 
be considered. There are no other bands of medium or strong intensity yet unas- 
signed and, moreover, its PQR structure is that one would expect for the rocking 
mode of species A” and its position is close to that (667 em 1) of the corresponding 
band in COCIF. The band at 620 em-! may be reasonably assigned the A” rocking 
mode. The remaining rocking mode of species A’ would be expected to give a 
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very weak band at the lowest frequency of all the fundamentals. The band of 
extremely low intensity at 335 cm~' is thus assigned. The analogous bands in the 
other carbonyl halides studied are also of low intensity and frequency. 


Table 2. The fundamental vibration frequencies of COBrF 


Frequency Band 
Designation 


, Species Approximate character 
(em~*) structure 


721 PQR A’ B-—C-——F symmetric stretch 

Vy 1874 POR A’ C—O stretch 

Vs 398 Doublet A’ Br—C—-F bending 

Vs 1068 A’ Br—C—F out-of-phase stretch 
Vs 335 Doublet A’ Rocking 

Ve 620 A” Rocking 


Having determined the fundamental vibration frequencies one may proceed 
to the assignment of the remainder of the spectral bands. This has been done in 


Table 1 where a very satisfactory explanation of each observed frequency is given. 
In Table 2 the fundamental frequencies are given with a description of their 
approximate character. 


Conclusions 
Despite the contamination by COF, it has been possible to observe the spectrum 
of COBrF and to locate the six fundamental vibrations. The prior work on COF,, 


0 400 600 1200 1600 2000 


Fig. 3. Regularities in the fundamental frequencies of some carbony! halides. 


COCIF and COCI, is of great aid in making the assignments and the COBrF 
spectrum is found to be very similar to that of COCIF. The fundamental fre- 
quencies of the four carbonyl! halides so far studied are displayed in Fig. 3, which 
reveals interesting regularities. 


Acknowledgements—-The authors wish to express their thanks to Dr. Ernest A. Jones who made 


available the experimental apparatus and who offered helpful suggestions. 
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(Received 24 Auquat 1958) 


Abstract—A method for making coarse echelette gratings suitable for use in far infra-red 
spectrometers is described, Gratings with 200 and 400 lines/in. have been cut, using a grinding 
machine adapted as a moving-table shaping machine. A spectrometer incorporating these 
gratings is described and the performance tested by measurement of the water vapour spectrum 
between 20 and 100 ”. 
introduction 

As part of a programme to extend the spectral coverage available in these labora- 
tories to the far infra-red, echelette gratings have been cut with 400 and 200 
lines/in. Little, if any, information is available in the literature describing the 
manufacture of such diffraction gratings particularly without the aid of a specially 
built ruling engine. Increasing interest in far infra-red spectroscopy and the 
satisfactory performance in a spectrometer of our gratings warrant the publication 
of the method of making them particularly as this involves the use of equipment 
which may be available in many laboratories not normally considered to be 
equipped for the manufacture of diffraction gratings. The ruled surfaces of these 
gratings measure 6in. long by 8 in. wide and the grooves are cut with one side 
inclined at 20° to the face of the grating, the two sides of each groove subtending 
a right angle. This groove shape concentrates 100 « radiation in the first-order 
spectrum from the 200 lines/in. grating and 504 radiation in the first-order 
spectrum from the 400 lines/in. grating. RaNpALL |1] and Lorp and McCvussrn [2] 
have described the use of blazed gratings of this type for spectral measurements 
in the far infra-red and discussed how the purity of the spectra obtained from 
them is dependent upon the efficiency of the grating blaze. 


The gratings 

A reasonably mechanically stable, corrosion-resistant, free-cutting material 
was required from which to make the gratings. Plastic materials were not tested 
because of their instability. The following metals were tried—silver, “Stay brite 
EMS”, bronze, Kynal M39/2 and an aluminium bronze called ‘‘Hidurax Special”. 
Of these the latter material was outstandingly the best and was used for the 
gratings 

None of the highest precision machines were available and it was decided to 
use a new Ncrivenor surface grinder to cut the gratings. The grinding wheel was 
removed and a single cutting tool fixed rigidly to the head, the tool being 

* Present address; LC.1. (Heavy Organic Chemicals) Ltd., Billingham, Co. Durham. 


M. Revs. Mod. Phys. 10, 72 (1938 
C. Lorp and T. K. MeCusears, Jr. J. Opt. Soc. Am. 47, 689 (1957) 
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stationary in use. The machine was thus adapted for use as a moving-table 
planing or shaping machine. 

Many materials were tested for the grooving tool including cast steel, high 
speed steel and five grades of tungsten carbide. Tungsten carbide was found the 
most suitable and Prolite I.C. 4849 was eventually used. All the usual cutting 
lubricants were tried and none but a molybdenized lubricant was satisfactory. 
The lubricant used was Rocol anti-scufting oil which is finely divided molybdenum 
disulphide suspended in SAE 30 oil. This was diluted with ten parts DTE light 
oil to one of anti-scuffing oil. Other combinations of grating material, cutting 
tool and lubricant than that specified above gave unsatisfactory gratings for one 
or more reasons. These included excessive wear or breakage of the cutting tool, 
build up of metal upon the cutting edge of the tool and tearing of the metal 
surface which resulted in rough groove faces. 

The procedure for making a grating was as follows. A plate of Hidurax 
in. 6in. 4in. was machined on both sides to remove the skin. The ends 
were then recessed ;'; in. for } in. width on one side only of the plate leaving a 
raised central surface measuring 8 in. 6in. The edges of the raised portion 
were chamfered to 45°. Three holes were made in the recessed part at each end of 
the plate and these were countersunk on the recessed side. The non-recessed side 
of the plate was then carefully hand seraped flat giving about eight marking 
spots per square inch over the whole of the plate. 

A 4 in. mild steel backing plate was ground flat on both sides and holes drilled 
and tapped to suit the holes in the grating plate. 

The magnetic table for holding the work was bolted down on the grinding 
machine and the top of the table reground after which it was not moved. The 
grating plate was screwed onto its backing plate with the scraped side in contact 
and the sandwich of backing plate and grating plate held down on the magnetic 
table. Following this the grating surface was planed with a round nosed tool. 

The grooving tool was ground and lapped from } in. diameter bar, the final 
abrasive being 800 mesh tungsten carbide to give a polished finish free from minor 
blemishes. The two lips of the tool made angles of 20° and 70° with the tool axis 
the side clearance was 5° and there was no top rake. 

Gratings of 400 and 200 lines/in. were made. In each case the plate was grooved 
with the finishing tool to a depth of 0-003 in. A finishing cut was then made over 
the plate, the tool being positioned for the first groove with a microscope. The 
depth of this finishing cut was 0-0005 in. 

The spacing of the grooves was made with the cross-feed screw of the grinding 
machine. A V-edged dividing plate was fitted to the screw with a swinging paw! 
released by hand. The pawl was released and then re-engaged when the cross 
feed screw was turned, this operation taking place during the overrun of the 
machine after the return stroke. The tool was not lifted during its return path 
along each groove and this was found to produce a burnishing effect. It is essential to 
continue the cutting of a grating without interruption and, if the room temperature 
is uncontrolled, to choose a day for the operation when large temperature variations 
are unlikely to occur. A final treatment of the surface, to remove small adhering 
particles, was to rub gently along the grooves with a soft carbon rod. 
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Visual examination of the gratings showed them to have a reasonably good 


eflectivity at the blaze angle and no zero-order reflection. To test for errors in 


the groove spacing a film of “Durafix’’ was cast from the grating face then cut 


lown the centre. perpendicular to the grooves, and Moiré fringes produced by 


superimposing the two halves.* (Apart from discontinuities at points where the 


film had obviously distorted, the fringes appeared straight thus indicating no 


large periodic or progressive errors 


The spectrometer 
Several spectrometers for the measurement of far infra-red spectra have been 
leseribed including those by Oersen ef al. (3), and EckHarpt 
PLycer and Agvista [5), and Lorp and [2] and the 


ment in which the above gratings have been used will only be briefly 


S, slits; .W, plane reflector; 
‘7, gratmg: LD), detector. 


described here. The layout is shown diagrammatically in Fig. 1. The mono- 
chromator is of Pfund type, with a large aperture (/3), the collimator (P) being a 
24 in. focal length paraboloid. The gratings (@) are mounted on a turntable 
taken from a goniometer.* The worm and wheel of this turntable is driven by a 
motor through a six-speed gear-box giving speeds of rotation ranging from a 
degree in 7 sec to a degree in 224 sec. The fast speed is useful for setting the grating 
position prior to measuring a spectrum 

The detector (D)) is a Golay cell, obtained from Unicam Ltd... fitted with a 


quartz window and mounted to permit easy interchange with a similar cell fitted 


with a KRS-5 window for measurements at wavelengths shorter than about 


40 u. The power supply to the detector head together with the amplifier and 


t this test 


ce tor suggesting 


Cambridge) Ltd., to a design by L. W. Copp and 


Havusier, H. E. SCHANWECKER and E. | 
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* We are grateful to Dr. L. A. Sv 

‘ The gomometer is manufactured by Teche 
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A. W. H. Hayere, W. M Wann, 
‘| L. Gexzen and W. Ecknarr, Z. Physik. 189, 578 
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light modulator are as provided by the above manufacturers except that larger 
noise filters in the form of a variable time constant control have been incorporated 
in the output circuit of the amplifier. An Evershed & Vignoles 2 mA recording 
galvanometer was used to record the spectra 

Two light-condensing systems have been used for bringing the radiation 
passing the exit slit (S,) onto the detector. The first of these was a cone condenset 
of dimensions calculated according to WiLLiamMson |7}|. The cone was machined 
from a piece of brass rod 11 in. long using a reamer, cut to the required taper, for 
the final shaping. Mirror M reflected light from the exit slit into the large end of 
the cone (1 in. diameter) and the Golay detector was placed as close as possible 
to the small end (4, in. diameter). The results obtained using this device were 
satisfactory but some improvement in the performance of the instrument was 
obtained when it was replaced by the off-axis ellipsoidal mirror, £. This mirror 
of 5in. diameter, was made to a template from 10 gauge copper sheet and 
although not of high quality by normal optical standards, it gives an adequate 
5 reduction of the slit image at the detector 

For the light source (L) a piece of Welsbach mantle heated by a Nernst 
filament [2] was originally used. This source, however, suffers from a fairly rapid 
loss of thorium oxide by evaporation and would probably have a short life under 
vacuum operation. A short piece of domestic electric fire-bar wound with Nichrome 
wire and run at a bright red heat has now been adopted as a satisfactory source 
for long-wave radiation.* It is surrounded by a water-cooled stainless steel 
shield and its power is controlled by a Variac transformer. This source has a 
long life, is easy to operate and is large enough to fill the wide slits necessary at 
wavelengths beyond 50 

Filtering of the intense short-wave radiation occurring in high-order spectra 
from the far infra-red radiation has been achieved with transmission and reflection 
filters. The plane mirror W/ is one of several reflectors mounted on a vertical dise 
which can be rotated to bring each one in turn behind the exit slit. In this way 
NaCl. KBr or CsBr crystals are used as residual-ray plates \ piece of plane 
grating with 1000 lines/in. can alternatively be brought into the beam as a 
reflection filter [8]. There is also space on the disk to mount LiF and KRS-5 
reflectors. 

For working between 45 and 100 4 the quartz window on the detector con 
veniently absorbs infra-red radiation in the wavelength range 5-45 4 and an 
additional transmission filter (/) of paraffin wax impregnated with paraffin soot 
is located at the exit slit. This last filter is about 2-5 mm thick and sufficient 
soot Is incorporated in it to render it visually opaque. 

Measurements from 20-40 « were made with the detector fitted with a KRS-5 
window. It was found necessary at these w avelengths to replace the metal light 
chopper in front of the slit S, by alkali halide choppers to give selective modulation 
of the radiation beam.’ A cam-driven oscillating erystal holder, in which NaC! 


and KBr crystals can be interchangeably mounted. is fitted in front of S for this 
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purpose. The cam is driven by a motor at approximately 10 rev/see and a rotating 
metal chopper is mounted on the same drive shaft to work the lamp and photocell 
switching device originally incorporated in the chopper unit for the Golay cell. 


Results 


The atmospheric water vapour spectrum in the 50-100 mw region, as measured 


with the instrument described above, is shown in Fig. 2. The region from 
220-140 cm~! was scanned in approximately 13 min using the 400 lines/in. grating 


0 
Wove numbers 


Fig. 2. Atmospheric water vapour spectrum measured with quartz windowed detector: 


a first order, 400 lines/in. grating; (b) first-order, 200 lines/in. grating. For conditions 
see text. 

in its first-order. The upper curve was obtained using the 1000 lines/in. grating 
reflection filter, and the lower curve with a NaCl residual ray plate at M. The 
slits were 5 mm wide in both cases. The region from 160-100 cm~! was scanned 
in about 9 min using the 200 lines/in. grating in its first-order, a K Br reflector at 
M and slits 7 mm wide. Other conditions were as for the 220-140 em~! region. 
All the spectra in Fig. 2 were obtained with dry air circulating through the 
instrument casing and at a time when the cone-condensing optics were being used 
in front of the detector 

Fig. 3 shows typical curves obtained with the 400 lines/in. grating at shorter 
wavelengths in its first-order spectrum, using the KRS-5 windowed detector and 
the ellipsoid FE in place of the cone condenser. The instrument casing was not 
dried for these measurements. The upper left-hand spectrum extending from 
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Diffraction gratings for the measurement of spectra in the 20-200 1 region 


500-320 cem~! was obtained with a plane aluminized mirror at VM, an unblackened 
paraffin filter at F, a NaCl light chopper in front of S and slits 1-5mm wide. 
Scanning time was about 10 min. The lower curve from 350-280 cm~! was 
measured under similar conditions but with the 1000 lines/in. grating reflector 
replacing the aluminium mirror at M and slits 2mm wide. Scanning time was 
about 6 min. The measurements from 310-260 cm~! were carried out under the 
latter conditions except for replacement of the NaCl chopper by a KBr one. 


Fig. 3. Atmospheric water vapour spectrum measured with KRS-5 windowed detector 
All first-order, 400 lines/in grating. For conditions see text. 


These spectra show that it is possible to construct a rapidly scanning grating 
spectrometer capable of resolving bands 3—4 cm~! apart in the range 500-100 em=! 
without access to machine tools of the highest precision. High resolution in this 
spectral region is not essential to the purpose for which the instrument described 
above has been made, namely to measure the spectra of solids and solutions. It 
would be preferable to replace the KRS-5 window on the second detector head 
by caesium iodide, in order to ensure that its sensitivity extended well into the 
region where the quartz windowed detector is used. The range of sensitivity of 
the latter extends somewhat to shorter wavelengths than 45 uv, the quartz window 


used in the present work being thin enough (0-1 mm) to show a transmission peak 
near 34 4. However, absorption by this thickness of quartz is too strong for 
satisfactory measurements between 36 4 and 40 w. 
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Infra-red study of heterocyclic compounds carrying a conjugated 
substituent I. Jsopropenyl pyrazoles 


J. CHARETTE and P. Treyssié 


ind Chemistry, Lovanium University, Léopoldville, Belgian Congo 


(Received 3 October 1958 


Abstract The infra-red spectra of tour substitute d ps razoles have been compared two cetermiune 
the actual isomeric structure and to investigate the mutual influence of an unsaturated substi 
tuent and a heteroeyvelic nucleus. A strong association effect has been observed in the compounds 


containing the NH group, and this has been studied as a function of dilution. 


Introduction 
Ix the course of a systematic investigation on new polymerizable heterocyclic 
derivatives |1| we were interested in the elucidation of the structure of 3- 
isopropenyl-5-methyl- and 

These heterocyclic compounds were synthetized by usual condensation reaction 
between methacroylacetone (a polymerizable p-diketone recently described {2.3}) 
and hydrazine or phenylhydrazine. 

The influence of the various substituents (isopropenyl and phenyl groups) as 
well as the nature of the obtained isomer were determined by comparison with 
reference compounds, namely the 3:5-dimethyl- and 2-phenyl-3:5-dimethyl- 


pyrazoles. The results obtained and discussed below will be compared with the 


behaviour of several heterocyclic compounds with similar isopropeny! substituents 
svnthetized in the course of this study. 


Experimental 

The infra-red spectra were recorded with the new Perkin-Elmer single-beam 
prism-grating spectrograph 112G. Calibration was made by using known absorp- 
tion bands of water vapour and acetylene as well as mercury emission lines in 
different orders. The frequencies quoted for band maxima should be correct to 
better than |-)cem~'. Rather wide slits (up to 500 ~) were used with a low gain 
and a fast response so as to take the spectra in reasonable short time. The water 
vapour was removed by flushing the optical path with dry air. A sealed cell of 
I87 «w thickness was used with saturated solutions of the pyrazoles in carbon 
tetrachloride and carbon disulphide. All spectra were taken from 670 to 3800 em~!. 
Significant parts are shown in Figs. | and 2 as plots of percentage transmittance 
against wavenumber. Wavenumbers given are those obtained in the carbon 
tetrachloride solutions except between 700 and 900 em ! where the tetrachloride 
absorbs too strongly and the values in carbon disulphide are given. In the region 
where both solvents were used, a frequency shift of a few cm~' was observed when 


1} P. Teyssir, S thesis an ymerization of New ocyclic Compounds. In preparation 
P. Treysstt 
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Wave numbers 


% transmittance 


Fig. 1. a: b 3-/sopropeny!-5-methyl- 
wrazole; c¢: 3:5-dimethylpyrazole;  d: Infra-red 
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spectra between 650 and 1700 em~', 
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Wave numbers 
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Fig. 2 ‘ ; b: 3-isopropeny!-5-methyl- 
pyrazole; : $:5-dimethyvipyrazole; d 2-pheny1!-3:5-dimethyl-pyrazole. Infra-red 
spectra between 2700 and 3500 em=}, 
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Infra-red study of heterocyclic compounds carrying a conjugated substituent—I. IJsopropeny! pyrazoles 


passing from carbon tetrachloride to carbon disulphide, in the latter case being 


the lowest. 
The infra-red spectra of 3:5-dimethylpyrazole was reported in the Sadtler 
Standard Spectra |4\| and agrees with our results for that compound. 


Results 
Some of the frequencies of the most important absorption bands agree very 
well with the usual values for the NH, phenyl, methyl and isopropenyl groups. 
The NH group is characterized by a rather weak absorption band at 3470 em! 
(for unassociated form) and a set of strong bands between 3039 and 3203 em-! 


which corresponds to the associated form. 


The monosubstituted aromatic nucleus shows the three CH stretching vibrations 
between 3035 and 3070 em~!, the C—C stretching vibrations at 1505 and 1600 em~! 
and the CH out-of-plane vibrations at 693 and about 760 cm~! (plus a few weak 
bands between 1070 and 1180 em~'). Moreover, a strong absorption band at 
1366 em~' (in the -phenyl derivatives) corresponds very closely to the usual 
range of absorption (1360-1310) of the C-——N stretching vibration, e.g. in the 
similar tertiary aromatic amines. 

The isopropenyl group is characterized by four important absorption bands: 
the —CH, stretching vibration around 3093 cm~!, the C—C stretching at 1635, 
the plane deformation at about 1430 and the out-of-plane vibration at 904 and 
(with the first harmonic at 1815 and 1780 em~?). 

The methyl groups are responsible of the absorbtion bands between 2850 and 
2987 em~! (stretching vibrations) and at about 1376 and 1450 em~! (deformation 


vibrations). 

Another set of absorption bands seems to be characteristic of the heterocyclic 
nucleus itself; they can be found in the region between 974 and 1037, 1130-1310 
and 1479-1589 em~'. An important absorption at about 790 cm~! is likely to be 
attributed to the out-of-plane vibration of the C-—-H bond of the heterocyclic 
nucleus. The vicinal absorption bands at 738 and 706 (or 786) em~! are likely to 
be attributed to the corresponding N—-H out-of-plane vibration. 

These results corroborate the structure proposed for the compounds under 


investigation: 


4) Sadtler Standard Spectra No. 
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Discussion 
The influence of the conjugated isopropenyl group is indicated unequivocally 
by the shift of the ¢ 


H plane deformation frequency from 1307 (in dimethyl 
pvrazole) to 1238 


(in methyvlisopropenylpyrazoles); the shift occurs in the 
usual direction towards lower frequency. The 


assignment of the 1150 
absorption band to the N 


H plane deformation is supported by the fact that 
this frequency remains unchanged in both dialkyl pyrazoles and disappears in the 
N phe ny lderivatives 

As it could be expected from the formulae proposed above, the ¢ N stretching 
vibration (at 1584 or 1589) remains practically unaffected by the introduction of 
the rsopropeny! group. This result is to be compared with the displacement caused 
by the introduction of a similar unsaturated substituent 


on a phenyl group 


ethvibenzene 1605 and stvrene 1578) or on a /-diketo group involving a chelation 


evele (( Oacetviacetone 1602 and ¢ methacrovlacetone L583 emu! 
The type of isomer obtained can be deduced from the results explained above 
The lack of influence of the lsopropeny! group on the ( 


N bond suggests structures 
| al d I] rathet than the following 


nhanced by the marked influence of \ phenvl group on the 


vibration and the bendj i deformation vibration of the 
propenvi group the molecular 


models indicate indeed a definite ste ric hindra 
hese compounds between both involved gr ups 
VMoreovet any isomer of the 


led in the case of dialkylpyr izoles by the presence of a strong NH 


if 


stretchy 


ig Vibration and also by the lack of any significant NN absorption band 
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Infra-red study of heteroeveli« compounds carrying a conjugated substituent [. Jsopropeny! pyrazoles 


A last interesting conclusion is the strong association existing between the NH 
groups, as indicated by the weakness of the 3470 cm~! unassociated absorption 
band and the unusually important shift (about 300 em~!) of the strong absorption 


bands corresponding to the associated form. These conclusions are also supported 


by a comparative quantitative analysis of the absorption bands in the 3000-3500 
em”! region; solutions with concentrations of 5, 0-75 and 0-375 ¢/100 ml were 
investigated under a cell thickness of 0-075, 0-5 and 1-0 mm respectively, in carbon 
tetrachloride and dioxane. Although these solutions should give equal optical 
density values if there was no interaction, the results obtained show a gradual 
decrease of the absorption bands corresponding to the N—-H associated vibration 
in order of decreasing concentration in carbon tetrachloride solution. This decrease 
is accompanied by a proportional increase of the absorption band (3470 em~!) 
characteristic of the free NH group: the transmittance percentage is 92 per cent 
in the solution at 5 g/100 ml and 72 per cent in the solution at 0-75 g/100 ml. 

This result could be explained by a dimeric association through a six-membered 
ring of the type: 


H 
R 
Such an explanation would be supported by the fact that in pyrrole, where this 
cyclic structure is impossible, both bands have about the same intensity and the 
shift is much less important (about 90 em~')[5]. In dioxane solutions, the bands 
between 3100 and 3210 disappear and a strong ibsorption appears at 3313 em-'. 
This vibration agrees very well with an association of the NH group with the 
oxygen atoms of the solvent. 


Conclusions 

The infra-red study of these new pyrazoles leads to the assignment of the most 
important absorption bands to specific functional groups and proves that the 
products obtained have the expected structure, i.e. 3 isopropenyl-5-methyl- and 
2-phenyl-3-isopropenyl-5-methylpyrazole. 

Moreover, a careful analysis of the spectra permits a tentative determination 
of the type of isomer obtained 

The influence of the conjugated isopropenyl substituent is also discussed and 
will be compared with a number of new heterocyclic compounds which are now 
being investigated in our laboratories 
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Infrared absorption spectra of inorganic co-ordination complexes—XIX* 
N-methylacetamide cadmium-II chloride 


Sr. Mary Martiverre, B.V.M.,+ 8. Mizusnima? and J. V. QuaGiiano§ 
Department of Chemistry, University of Notre Dame, Notre Dame, U.S.A. 


(Received 30 October 1958) 


Abstract—The infrared spectrum of the N-methylacetamide cadmium-II chloride complex, 
Cd(CH,CONHCH,)CI,, has been studied. The assignment of the absorption bands has been 
made. Spectral evidence clearly indicates that co-ordination of the N-methylacetamide ligand 
to the cadmium-II ion takes place through the substituted amide nitrogen. 


Introduction 

Recent publications of and have made available a 
complete infrared and Raman study of N-methylacetamide. As the most simple 
molecule having a peptide group it is of particular importance. The co-ordination 
of N-methylacetamide to a metal ion could, theoretically, take place through the 
oxygen atom or through the nitrogen atom. PENLAND and co-workers [2] have 
reported both types of co-ordination in the metal urea complexes. Since the 
infrared bands of N-methylacetamide have been assigned by Mizusuima and 
SHIMANOUCHI, it was decided to study the infrared spectrum of the cadmium-II 
complex. 

Frequency differences in the infrared spectra of N-methylacetamide between 
liquid and vapor states indicate strong hydrogen bonding in the liquid state. 
From vapor to liquid states there is a frequency decrease of the amide-I‘ band 
which is attributed to hydrogen bond formation. There is also a frequency increase 
of the amide-II and the amide-III bands. The frequency difference between the 
free N--H stretching band in the vapor and the hydrogen bonded N—H stretching 
band in the liquid is approximately 200 em~!. 

The cadmium-II ion forms numerous types of complexes. If co-ordination of 
N-methylacetamide to the cadmium-II ion takes place through the nitrogen atom a 
complex molecule similar to Cd(NH,),Cl, may be expected to form; then cadmium- 
II will appear to have a co-ordination number of four. Actually, MacGILLAVRY 
and Biyvoetr[3] have shown this ammine complex to be a dimer and to have a 
condensed octahedral structure. More recently NARDELLI ef al. [4] have described 
an X-ray study of the methylurea complex of cadmium-II in which they report 


* Paper XVIII in series, J. Amer. Chem. Soc., in press. 
+ Mundelein College for Women, Chicago, Illinois. 
t Visiting Professor from the Faculty of Science, Tokyo University. 
§ Present address: Florida State University. Tallahassee, Florida. 
{ For the explanation of the meaning of amide-I to -V see reference {1}. 
{1] 8. Mizusnima and T. Saimanovcut Festschrift Professor Dr. Arthur Stoll p. 305. Birkhauser, Basel 
(1957); T. Mryazawa, T. SuHrmanovucui and 8. Mizusnima, J. Chem. Phys. In press. 
[2] R. B. Pentanp, 8. Mizusuima, C. CurrRAN and J. V. QuAGLIANO, J. Am. Chem. Soc. 79, 1575 (1957). 
[3] C. H. MacGriiavry and J. M. Biyvort, Z. Krist. 94, 231 (1936). 
[4] M. Narpe cu, L. Cocut and G. Azzont, Gazz. chim. ital. 88, 235 (1958). 
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Infrared absorption spectra of inorganic co-ordination complexes—XIX 


the complex obtained to be a dimer and to form an “apparently distorted’’ 
octahedron containing halogen bridges. These crystal studies explain the formation 
of complexes in molar ratios other than those usually predicted. 


Experimental 
Preparation of compounds. The cadmium-II complex of N-methylacetamide was prepared 
by a slight modification of the method of ANDRE [5] for the preparation of acetamide metal 
complexes. N-methylacetamide was dissolved in 90°, ethyl alcohol and solid CdCl,-2H,O was 
slowly added to the solution with rapid stirring. The molar ratio of CdCl,-2H,O to N-methy!l- 
acetamide was 1:2. The mixture was heated on a steam bath for 15 min with continued 
stirring and, on cooling, a white precipitate formed. The crystals were filtered off, washed with 
absolute alcohol and dried at 70-75°C. Anal. Caled. for Cd(CH,CONHCH,)Cl,: C, 14-04; N, 
5-49; H, 2-73. Found: C, 14:14; N, 5-70; H 
Absorption measurements. The spectra were obtained with a Perkin-Elmer recording 
infrared spectrophotometer, model 21. A sodium chloride prism was used for the complete 
infrared region reported and a calcium fluoride prism was used to obtain better resolution in the 
3 and 6 uw regions. The KBr disk technique was employed with the solid complex. The liquid 
film technique was used with the N-methylacetamide. The spectra obtained are shown in Fig. 1. 
The assignment of the frequencies is shown in Table 1. 


Table 1. Observed frequencies in the infrared spectra of N-methylacetamide 
and N-methylacetamide cadmium-II chloride (in em-') 


CH,CONHCH, CH,CONHCH, 


Cd(CH,CONHCH,)CI, Assignment 


3500 m free N—H stretching 
3400 vs bonded N—H stretching 
3300 vs bonded N—H stretching 
31108 
29408 2940s 2940 w C—H symmetric stretching 
2890 sh 
2720 w 
1718 vs 1653 vs 1650 vs Amide-I 
1487 vs 1567 vs 1555 vs Amide-I] 
1445 m 1455 m CH,—(N) degenerate deformation 
14138 14188 ({CH,—(N) symmetric deformation 
\¢ -(C) degenerate deformation 
1375 m 1373s 13758 CH,—(C) symmetric deformation 
1247s 1299 s 1300 s Amide-III 
1159s 1165 m CH, —(N) rocking 
1096 m 1092 w CH,—N, CH,— stretching 
1040 m 1038 m 
937 m 998 me CH,(C) rocking 
959 w 
881 w 887 w CH,—N, CH,— stretching 
725m Amide-V 


strong, m = medium, w = weak, sh = shoulder, v = very 


ANDRE, Compt. Rend. 102, 115 (1886). 
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Results and discussion 


A comparison of the spectrum of liquid N-methylacetamide with that of the 
cadmium-II complex shows the 6 to 12 ~ region to be almost unchanged; however, 
a markedly significant difference is observed in the 13 to 15 region. In the 
N-methylacetamide spectrum there is a broad characteristic band at 725 cm~ 
(the amide-V band) to which the N—H out-of-plane bending vibration has been 
assigned{1]. This disappears completely in the case of the N-methylacetamide 
cadmium-II chloride complex. Also, the N—-H stretching band, observed in the 
3 u region for the free ligand in the liquid state, changes in both frequency and 
profile in the cadmium-II complex. 

The N—H out-of-plane bending band is characteristic of the planar amide 
structure and its disappearance indicates that co-ordination of the N-methyl- 
acetamide to the cadmium-II ion has taken place through the nitrogen atom 
which consequently has tetrahedral bonds. Additional evidence for co-ordination 
through nitrogen is seen from the change of the spectrum in the 3 u region. 

In order to explain this change we must first consider the free ligand. As clearly 
reported by Mizusnima and as well as by Daviss et al. [6), 
N-methylacetamide is an associated liquid with strong hydrogen bonding. 
MizvusHiMa and SHIMANOUCHI reported a value of 3500 cm~! for the frequency of 
the free N—-H stretching vibration of N-methylacetamide vapor and of 3300 cm! 
for the bonded N—H stretching vibration in the liquid state. This is a shift of 
200 cem~! to the expected lower frequency because of hydrogen bonding. 

Co-ordination through the nitrogen atom generally results in the lowering of 
the N—H stretching frequency [7]. However, since the ligand is highly associated 
by hydrogen bonding, this bond may become weaker in the co-ordinated complex 
and consequently the N—H stretching frequency may be raised, rather than 
lowered. This we have observed in the cadmium-II complex. There is no indication 
in the 6 to 12 w region that co-ordination takes place through the oxygen atom of 
the C—O group. Therefore, from the infrared data we conclude that the cadmium- 
Il ion co-ordinates with N-methylacetamide through the substituted amide 
nitrogen atom. 

On the basis of this conclusion we can assign all the other observed bands of the 
complex, as listed in Table 1. All of the hydrogen vibrations, with the exception 
of those of the N—H group, are expected to remain unchanged on co-ordination. 
The frequencies listed in Table 1 show this to be the case. It might be pointed out 
here that the rocking vibration of the CH,—(N) differs from that of the CH,—(C) 
much more than the corresponding differences observed for the symmetric and 
degenerate deformation vibrations. This is quite understandable in the light of 


3 
4 


previous calculations [8]. 

3 We observed no significant change in the amide-I band and, again, from 
previous investigations, this can be explained quite readily[{1]. Although the 
i amide-II and -III bands, which partially arise from the N—H in-plane bending 


6) M. Davies, J. C. Evans and R. L. Jones, Trans. Faraday Soc. §1, 761 (1955). 

G. F. Svaros, D. M. Sweeny, 8S. Mizusuima, C. Curran and J. V. QuaGiiano, J. Am. Chem. Soc. 
12084 

79, 3313 (1957). 

I. NAKAGAWA and 8. Mizusuima, Bull. Chem. Soc. Japan 28, 589 (1955). 
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vibration, may be affected by co-ordination, a great change should take place in the 
amide-V band at 725 cm~!. Here the N—H out-of-plane vibration plays the most 
important role [1] and consequently a notable change on co-ordination should 
result. In the N-methylacetamide cadium-II chloride complex, as we stated above, 
the amide-V band disappeared completely. 


Acknowledgement—This investigation was supported in part by a research grant H-2218 (C) 
from the Department of Health, Education and Welfare, Public Health Service. 
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The in-plane normal vibrations of formic acid 
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Abstract——Normal vibration modes were calculated of the molecules HCOOH and HCOOD 
which give rise to medium absorption frequencies. The results were used partic ularly for the 
assignment of the C—O stretching and the OH and CH in-plane bending modes. 


IN a recent paper 


1] dealing with the infra-red spectra of monomeric carboxylic 
acids the assignment of the two characteristic bands appearing between 1190 and 
1075 em~!, and between 1380 and 1280 cm has been discussed on the basis of 
experimental results. It could be shown that these two bands are connected with 
the strongly coupled C—O stretching and the OH in-plane bending modes. The 
influence of strong hydrogen bonding on the shifts and the intensities of these 
bands made it possible to attribute some more 6OH character to the higher 
frequency vibration. It was desirable to confirm (or invalidate) this evidence by 
a normal co-ordinate treatment. For simplicity, formic acid was taken as the 
subject of this calculation, although its absorption frequencies fall slightly outside 
the range found characteristic of the spectra of higher acids. 

The force field of the formic acid molecule has been already calculated by 
Tuomas [2] and Sverp.ov [3]. However, this does not give us the desired informa- 
tion about the participation of the particular bond and angle deformation in the 
various normal modes. As will be shown, even the derived amplitudes are not 
sufficient for the estimation of the characteristic nature of a certain frequency, 
if there is strong interaction between the vibrations. Following the proposition 


of Morrxo and Kucurrsv [4], the potential energy distribution among the internal 
co-ordinates for a given normal mode was adopted for the present treatment 
of formic acid. 

The molecular parameters used are those published by SHOEMAKER [5}: 
HCO = 118°15' 
OCO 123°30' 
COH 


fom 1-097 A 
The spectral data are those published by Sverp.ov [3]. The infra-red spectrum 
of formic acid at 150°C was recorded also in this laboratory and the frequencies 
were found to be in good agreement with the mentioned ones [3]. 


* Present address: Inatitute “J. Stefan”, Ljubljana. 


and M PINTAR him icty 12, 162 (1058) 

O. Tuomas, Discussions Faraday Soc. 9, 339 (1950) 

M. Sverprov, Izvest. Akad. Nauk SSSR, Ser. Khim. 17, 567 (1953) 
Y. Morro and K. Kvenrrsv, J. Chem. Phys. 20, 243 (1953). 
SnHormaker, J. Am. Chem. Soc. 72, 4222 (1950). 


we 


82 


P 15 
a 
: 
= 


The in-plane normal vibrations of formic acid 


The formic acid molecule has seven in-plane vibrations. For the normal 
co-ordinate treatment, the method of Bratoz [6] was adopted and only the medium- 
frequency partial system solved in the zero’th order. The high-frequency modes 
(vOH, »vCH) and the low-frequency one (SOCO) were split off. This simplification 
appears justified by the fact that the latter frequencies are rather distant and 
therefore should not influence significantly the calculated ones. This is borne out 
by the excellent agreement between the observed and the calculated frequencies 
of HCOOH and HCOOD. In the latter case the agreement is slightly less good, 
but even here the frequencies agree within 10 per cent. 

The force constants matrix F,, is reproduced below: 


ACH OOH (dOD) 


0-41 
0-65 
Ocn 1-06 
Jon 0 


Table | brings the comparison of the observed frequencies for HCOOH and HCOOD 
species and those calculated from GF—E, 0 using the above force constants 
In order to determine the nature of the vibrations, we calculated also the relative 
amplitudes L,, for each of the internal co-ordinates in a given normal mode of 
vibration V. The non-normalized amplitudes LZ, are recorded in Table 2 


Table 1. 


HCOOH HCOOD 


1799 1704 L798 772 
1090 1105 1096 1178 
oon 1349 1346 1351 1360 
OoH 1220 1200 910 990 


The second column in the matrix of the amplitudes of the HCOOH species shows 
that the values for the yC—O, 6CH and 46OH vibrations are of the same order of 
magnitude and hence that the normal vibration with frequency 1105 em consists 
of a complicated motion in which the C—O stretching and the deformations of 
both hydrogen atom bonds are participating. For such cases of strong mixing, 
the amplitudes are not a convenient criterion for the definition of the vibration 
and the trivial naming. Therefore, the potential energy distribution 
V =2,,F,, RR, = N22, ,, 

among the internal co-ordinates R, for a given normal mode NA was calculated [4]. 
The results are summarized in Table 3. 


[6] S. Bravroz, J. Chem. Phys. 20, 159 (1955). 
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Table 2. The non-normalized L-matrices for HCOOH and HCOOD 


ou 


0-18153 0-00360 0-01832 | 
0-37313 0-24420 0-00631 C—O 
0-63103 104744 l 0-11568 
0-49831 — 1-83546 0-43100 


HCOOH 


H %D 


0- 13603 0-009023 0-O1802 


0-37382 l 0-24982 0-O1601 
HCOOD 0-62950 1-19950 0-02051 OCH 
0-40602 0-723904 0-21808 l 40D 


Table 3. Potential energy distribution matrix L,,L., F., (diagonal elements only) 


1799 em~'! 1090 1349 1220 em-! 


HCOOH 


1-89696 0-02548 0-00515 


—_ 0-13826 0-40417 0-35973 0-00035 
OcH 0-06065 0-06803 0-92497 0-01655 
dou 0-02605 0-14385 0-11833 085165 


1006 em 1351 em~! 


Oob 


1- 90054 


0-01492 002900 


0-13903 042082 0- 39608 O-OOLLT 
0-06047 0-09288 0-00030 
0-O1732 0-02330 O-O3189 048902 


Taking the magnitude of the elements of potential energy distribution matrix 
as the criterion for the definition of the characteristic frequency we may call 
1105 em~! (calculated 1090 as in the Table) the C—O stretching frequency and 
1200 cm~' the OH frequency. This is in agreement with the conclusions reached 
by Tuomas [2], HapZi and Pryrar [1] and, very recently, Prrzer and [7]. 
We wish to mention only briefly that we have also calculated the frequencies 


7) R. C. Mrcurkaw and K. 8. Prrzer, J. Chem. Phys "27, 1305 (1957). 


S4 


N; 

a VOL. 
R 

R, 

3 


The in-plane normal vibrations of formic acid 


of the HCOOH molecule from the F-matrix set up following to the assignment 
made by WiLmsuvurst[8] but there was no agreement with the observed frequencies. 
Some values in the non-normalized L-matrix showed also great anomalies, which 
shows that this assignment is untenable. The strong participation of both the 
vC—O and 6CH in the normal mode with frequency 1105 cm~' explains the fact 
that this band falls somewhat out of the range in which the C—O bands of the 
higher acids appear {1}. 


Acknowledgement—The authors are very indebted to Mr. C. Trampvz for the substantial help 
with the numerical calculations. 


8) J. K. J. Chem. Phys. 25, 478 (1956). 
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(Received 3 Se pte mber 1958) 


Abstract—The Raman and IR spectra of the isoxazole molecule 
H 


have been measured between 3600 and 300 cm™ in the vapour and in the liquid phases. The 
infra-red spectrum is very similar to those of furan and pyrrole and therefore with the aid of 
their assignment and by inspection of the rotational envelope of the vapour bands, a plausible 


assignment can be made. 

Introduction 
Desprre the great amount of chemical and physicochemical researches [1] on the 
structure and reactivity of the isoxazole molecule, its Raman and infra-red spectra 
have never been studied; only the Raman spectra of some derivatives have been 
reported [2]. 

The increasing interest involved in the knowledge of the normal frequencies of 
the heterocyclic rings and the possibility of establishing spectral correlations with 
the fundamental frequencies of pyrrole and furan has therefore encouraged us to 
attempt a possible complete assignment of the isoxazole spectra. The present 
paper is primarily concerned with the assignment of isoxazole only; a following 
one will be devoted to the assignment of its derivatives. 


Experimental 
The isoxazole has been prepared by the method described by Justonr and 
Pessina [3]. It has been purified by precipitation of its cadmium salt which has 
then been decomposed by steam distillation. The isoxazole thus obtained after 
drying on MgSO, and distillation had a refractive index nj,’ = 1-4266. Further 
purification by P,O, drying and rectification yielded a product boiling at 96-5°C 
and having 2? = 1-4276. The infra-red spectra have been run with a Perkin— 
Elmer double beam spectrograph Model 13C equipped with LiF, CaF,, NaCl and 
KRS-5 prisms. Owing to the low resolving power of the KRS-—5 prism in the range 
1] G. Sreront and P. Prxo, Rendi. accad. naz. Lincei. 4, 325 (1949); Gazz. chim. Ital. 80, 549 (1950). 


2) M. Mitone and G. Taprt, Gazz. chim. Ital. 70, 359 (1940). 
3) R. Jusroni and R. Pessina, Gazz. chim. Ital. 85, 34 (1955). 
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between 650 and 400 cm~, the spectrum was re-run in this zone using a double- 
beam Leitz spectrograph with a KBr prism. * 

The Raman spectrum has been measured by Scuunty of the Institute of 
Physical Chemistry of the University of Freiburg (Germany) to whom we express 
our thanks. The vapour spectra have been obtained with a 9 cm cell electrically 
heated to 70°C. To avoid condensation the windows were externally heated with 
a resistor of fine wire. The liquid spectra have been determined on thin films of 
substance between two plates; in low absorption zones cells of 25 and 300 « were 
utilized. 

General discussion of the spectra 

The infra-red spectrum of isoxazole vapour is reported in Fig. 1 between 3200 

and 300 em~!; the corresponding liquid spectrum is given in Fig. 2. The observed 


— 


| 


160% 120 K RO m2 
J < 


. 1. Infra-red spectrum of isoxazole vapour between 3200 and 300 em}. 


| 
| 


Te" 


Fig. 2. Infra-red spectrum of liquid isoxazole between 3200 and 300 em 


peak frequencies of the vapour as well as of the liquid are listed in Table 1, to- 
gether with the rotational envelope of the vapour bands and the relative inten- 
sities; the Raman spectrum is reported in Table 2. 

Assuming for the isoxazole ring a planar structure, in accordance with the 
results of the dipole moment researches on the isoxazole and its methy!|1| derivatives: 


H 


* We are very indebted to Dr. W. LurrKe (University of Freiburg, Germany) for this determination 
and for very helpful discussions and criticisms on the assignment. 
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Table 1. Infra-red spectrum of isoxazole 


Rotational 


: Intensity Liquid Intensity 
form 


Vapour 


3140 3160 


3128 w 3129 w 
3114 w 3116 Ww 
3086 vw 3092 vw 
2970 - w 2968 vw 
— 2642 vw 
2693 vw 
2244 vw 
1808 w 
1748 w 
1629 
171 -| A vw - 
16 16} 


1569 


1560 A m 1564 m 
1546 
1443 
1432) A ~ 1432 vs 
1423) 
138) 


1366 


1095) 
1084! 
A033) 
1021 
1011 
930 sh w 906 w 


A m 1028 m 


S80 Cc m 917 8 


S67 
861 
856 A m 843 8 
846) 

782 

764 C 8 777 vs 
747 

652) 

632! C w 632 8 
615 
595 


| 

. 
w 
1653 w 
Jam 
a V Wise 
1362) 195 
“a 1259 vw 
223) B Ww 1219 m 
1177 vw 
1141 
‘ 

1128 A 1129 8 
1s} 

; 
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Table 2. Raman spectrum of isoxazole 


Depolarization ratio 
(em™?) 


bo 


3160 
3095 
1562 
1433 
1370 
1330 
1220 
1129 
1087 
1033 
925 
651 
594 
540 
490 


~ 


polariz. 


| 


polariz. 


polariz. 


polariz. 
polariz. 
polariz. 
depolariz. 


bo bo 


the molecule belongs to the C, point group; of its eighteen normal vibrations 
thirteen will be of A’ class and five of A” class. They are all active in the infra-red 
and Raman spectra, but the A’ vibrations give rise to polarized, the A” to 


depolarized lines. 

The thirteen A’ vibrations can be classified as seven ring vibrations of which 
four are stretching and three bending, and six CH vibrations of which three are 
stretching and three bending. The five A” vibrations involve three CH bending 
out of the plane and two ring deformations. 

In the discussions of the assignment we will follow essentially three criteria: 

(1) Inspection of the rotational envelope of the bands in the vapour phase; 

(2) Comparison with the spectra of furan and pyrrole whose rings closely 

resemble the isoxazole ring; 

(3) Comparison with the infra-red and Raman spectra of the derivatives. 

The two moments of inertia in the plane of the molecule have approximately 
the same value (/ , ~ /;,) and therefore it has to be considered as a nearly sym- 
metric top. The rotational envelope in the vapour phase allows without doubt a 
distinction between vibrations out of the molecular plane (A” class) and vibrations 
in the molecular plane (A’ class). 

Actually for a nearly symmetric top of the type considered we have to expect 
A” bands—corresponding to oscillations of the dipole moment along the axis of 
greatest moment of inertia—to possess a C-type rotational form, with a prominent 
Q-branch and R- and P-branches separated by about 35 cm~?. On the other hand 
A’ vibrations—corresponding to the oscillation of the dipole moment in the plane 
of the other two axes of inertia—give rise to A- or B-type bands or more likely to 
hybrids of both. 

The comparison between the isoxazole and the pyrrole and furan spectra, will 
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be essentially done by means of the assignments of Lorp and MILLER [4] and of 
MrRoNE [5] for the pyrrole, of Thompson and TemPLe [6] and of BAK, BRODERSEN 
and HANSEN [7] for the furan molecule. For the last molecule there are still some 
uncertainties concerning the differentiation between CH and ring-planar deforma- 
tion vibrations in the spectral range between 1300 and 900 cm-'. 

Taking into account their intensity and correlations with the corresponding 
bands of furan and pyrrole, the bands at 595, 632, 764, 856, 889, 1021, 1087, 1128, 
1373, 1432, 1560, 3086 and 3140 em~ are to be chosen as fundamentals. The four 
bands at 595, 632, 764 and 889 cm~! possess a C-type rotational structure and there- 
fore belong to A” vibrations. The fifth fundamental of A” class has been assigned 
to the Raman line at 1033 em~! which is depolarized and corresponds to the line 
at 1034 and 1046 cm~! in the Raman spectra of furan and pyrrole, which are also 
assigned to CH out of the plane vibrations. 

One of the remaining four bands of A’ class must be a CH stretching and there- 
fore must be found at about 3000cem~!. Of the three peaks at 3128, 3114 and 
2970 cm in the liquid spectrum, we have chosen the first as fundamental, ex- 
plaining the other two as combination tones. 

By comparison with the Raman spectra of the monosubstituted derivatives 
(see later) and with the assignment of pyrrole and furan, a second fundamental 
must be located at about 700 em, while the other two should be found between 
the bands at 1653, 1330 and 1217 em~!. 

The weak band at 1653 cm-' appears only in the infra-red spectrum of the 
liquid, but a corresponding line has not been observed in Raman. Although the 
absence in the Raman spectrum and the weakness of the infra-red band would 
support the assignment to the combination band 1028 + 632 = 1660 cm~', we 
have to account for the presence, in the Raman spectra of the derivatives, of a 
very strong line at about 1670 em~-!, which is to be taken without doubt as a ring- 
stretching vibration. Therefore we prefer to maintain the 1653 cm~' band as a 
fundamental despite its absence in Raman and we assign it to a ring motion in 
which the stretching of the C—-N double bond is strongly involved. 

For the last A’ band, two possibilities present themselves: to select the 1330 
cm band as fundamental considering the 1217 em band as a combination 
595 + 632 227 em~!, or to assign the 1217 em~! band to a fundamental 
considering the 1330 cm! band as a ternary combination. Of these two possi- 
bilities the second seems the more logical because in this way it is possible to 
account for the remarkable intensity of the 1220 cm~ line in Raman and for the 
absence of the 1330 em band in infra-red. Moreover this assignment is supported 
by that of pyrrole and furan with the presence of a 6(CH) at 1237 and 1268 em~!. 
Table 3 lists the suggested assignment of fundamentals: for each frequency the 
symmetry class, the numbering of fundamentals after HERZBERG [8] and the type 
of motion is also given. 


4) KR. C. Lorp and F. H. Mriizier, J. Chem. Phys. 10, 328 (1942). 

5!) P. Mrrone, Gazz. chim. Ital. 86, 165 (1956). 

6| H. W. THompson and R. B. Tempie, Trans. Faraday Soc. 41, 27 (1945). 

7) B. Bak, 8S. Bropersen and H. Hansen, Acta Chem. Scand. 9, 749 (1955). 

[8] G. Herzperc, Infra-red and Raman Spectra of Polyatomic Molecules. Van Nostrand, New York 
(1949). 
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Table 3. Fundamental frequencies of isoxazole 


Symmetry 
species 


No. 


3140 
3128 
3086 
1653 
1560 
1432 
1373 
1217 
1128 
1089 
1021 
856 
651* 


1033* 
764 
632 


595 


Assignment 


vi(CH) 
v(CH) 
v(CH) 


d(CH) 
A 

O(CH) 

O(CH) 


* Kaman value. 


CH vibrations: 
» 


stretching, 4 


Ring vibrations: 


v 


stretching, A 


in-plane bending, + 


Table 4. 


n-plane bending. 


out-of-plane bending. 


out-of-plane bending. 


Overtone and combination tones of isoxazole 


31L16* 
2968 * 
2642* 
2493* 
2244* 
1748* 
1617+ 
1330* 1366 
1259* 
1177* 
9307 s 
540* 
490* 


Assignment 


1129 
1564 
1366 
1219 
1219 

906 

856 


632 


1564 
1128 
1373 


3128 
2980 
2651 
P4905 
2247 
1749 
1620 
1326 
1264 
1186 

913 

533 

484 


°*L 
+V 


iquid phase. 
apour phase. 


A 
A’ Vo 
A Vs 
A’ Vs 
A Va 
A Vg 
A 
A "10 
A 
A’ Vio A 
A "13 A "4 
A y(CH) 
A "15 y(CH) 
A "16 
A Vig ] 
= 
= 1564 
1219 
JOST 
1129 
1028 
593 
+ 
F64 
593 
x 632 
593 
651 
- §95 
— 889 
9] 
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On the basis of the given assignment we can calculate the overtones and 
combination tones which appear in the spectrum; this has been done in Table 4 
which states the bands we have assigned to overtones together with corresponding 
calculated values. 


Discussion of the assignment 


Oscillations of the CH groups 

The identification of the CH stretching bands no longer requires a detailed 
discussion; of the five peaks which appear in the vapour spectrum at 3140, 3125, 
114. 3086 and 2970 em~, three have been assigned to CH stretching motions, 
namely those at 3140, 3128 and 3086 cm~', whereas the other two are easily 
explained as combinations. 

The three CH bending bands in the plane are to be located between 1350 and 
1000 em— as can be deduced on the basis of the assignments of furan and pyrrole. 
The only criterion we have for the discrimination of these bands from the ring- 
planar deformations—of which one at least is also falling in this range—is of 
course, in absence of the spectra of the isotopic series, the different behaviour with 
respect to the molecular association. We have actually to expect that the 6(CH) 
shift towards higher frequencies in going from the vapour to the liquid, whereas 
the ring deformation bands must not be sensitive to the change of rate. 

In the case of pyrrole Lorp and Mitcer, as well as Mrrone have assigned the 
bands at 1237. 1076, 1046 and 1015 em~™ to the 4(CH); of these the 1237 em™ 
band appears only in the Raman spectrum, whereas the 1015 and 1046 em~ bands 
are of medium intensity in infra-red and the 1076 cm~ is weak. 

In the furan assignment of Bax ef al. the CH and the ring deformation fre 
quencies falling in the same symmetry class have not been distinguished, but it 
seems correct to assume the bands at 995, 1067, 1151 and 1268 em~' as 6(CH) even 
if this is only a rough distinction because of the possibility of coupling between 
the different vibrations of the same symmetry species. 

With the aid of these considerations the medium band, with central peak at 
1021 em~ in the vapour, can be assigned with a high degree of reliability to a 
d(CH) on account of the fact that it shifts to 1028 em~! in the liquid phase. 

For the other two 4(CH), five bands can be taken into consideration, namely 
the bands at 1330, 1217, 1128, 1089 and 930 em~!. Of these the 1128 em~ is too 
intense for a 6(CH) and otherwise corresponds very well to the 1140 em~ band of 
pyrrole and to the 1138 em~' band of furan, both assigned to a ring deformation. 
The value of 1330 cm seems too high for a 6(CH) whereas the value of 930 em~! 
is. instead, too low if compared with the pyrrole and furan assignment. We have 
therefore assigned to the CH deformations the bands at 1217 and 1089 em~', 
which correspond to the 1237 and 1076 em~ bands of pyrrole and to the 1268 
and 1067 em~! bands of furan 

The out-of-plane bending vibrations being of A” class, should show a rotational 
structure of C-type and be depolarized in Raman. As mentioned above, four 
appear in the infra-red spectrum with the required rotational structure at S89, 
764, 632 and 595 em~ respectively. It seems strange that all but one do not 


correspond to Raman lines, but probably this is related to the fact that bands 
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which are very intense in infra-red are generally weak in Raman and vice versa. 
and that depolarized lines are not easily detected in Raman. To distinguish the 
CH from the ring deformations we must again have recourse to the shift criterion 
in going from the vapour to the liquid. 

The band at 764 em~! in vapour phase shifts in the liquid to 777 em~! and the 
band at 889 cm”! shifts to 917 em~', whereas the two bands at 632 and 595 em~! 
show practically no change. The assignment of the band at 764 cem~'! to a »(CH) 
is supported by the values of 744 and 722 cm! for the corresponding bands of 
furan and pyrrole. 

Also in the spectra of the monosubstituted derivatives |9| of isoxazole two bands 
with a C-type rotational structure appear at about 880 and 760 em~'; for #-brom 
and x-methylisoxazole the observed values are respectively 886-860 and 780-817 
em~'. Both shift towards higher frequencies in the liquid phase. 

It is worth while to observe that, as for the monosubstituted benzenes, with the 
increase of the mass of the substituents one of the »(CH) frequency increases 
whereas the other instead decreases. As stated above the third y(CH) has been 
assigned to the Raman depolarized line at 1033 em~'; the reported value for the 
same vibration in furan is 1030 and in pyrrole 1046 em~!, 


Ring vibrations 

The ring stretching vibrations are to be located, by comparison with the 
corresponding vibrations of furan and pyrrole, between 1600 and 1300 em. 
However the presence of a C—N double bond should shift at least one of these to 
higher frequencies. This consideration agrees with the appearance in the infra-red 
spectrum of isoxazole of a band at 1653 em~' and of a very intense line at about 
1670 cm~' in the Raman spectra of the derivatives. As in the case of the »(C—N) 
of the oximes [10] and of the r(C—C) of the olefinic hydrocarbons [11], the 1653 em~! 
band is weak in infra-red and correspondingly has to be strong in Raman. 

The absence of this band in the Raman spectrum of isoxazole is not easily 
understandable as discussed above and would weaken its assignment to a funda- 
mental. The only other possibility we see is to select the 1330 cm~! band as a 
ring stretching, but this assignment is not consistent with the presence of the 
strong Raman line at about 1670 cm! in the spectra of the derivatives and with 
the existence of a (-—-N double bond in the molecule. 

The other bands assigned to ring stretching motions, lie at 1560, 1432 and 
1373 em~', and correspond to the bands of pyrrole at 1532, 1420 and 1381 em~! 
and of furan at 1490, 1460 and 1384 cem~-'. Of the three ring deformations, two are 
easily found at 856 and 1128 em~! which agree very well with the 869 and 1144 
em”! bands of pyrrole and with the 874 and 1140 cm~! bands of furan. 

The third ring deformation is expected to lie at about 700 cm~! owing to the 


presence of a ring-deformation band at 711 em~! in the pyrrole spectrum and at 


720 cm~' in the furan spectrum. However a strong Raman line at about 650 cm~! 


appears in the spectra of the monosubstituted isoxazoles (x-methyl, »-methy]., 


9) S. CaLirano, F. Piacenti and G. Speroni, To be published 
10) 8S. Cattrano and W. Lurrke, Z. physik. Chem. (Frankfurt) 6, 83 (1956) 
11) N. S#errarp and D. M. Simpson, Quart. Revs. (London) 6, 1 (1953) 
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z-phenyl, y-phenyl) but disappears in the Raman spectra of the bi- and tri- 
substituted derivatives (x:y-dimethyl, «::y-trimethyl) which possess a pseudo- 
symmetry C,, as the isoxazole. Otherwise a weak Raman line appears in the 


isoxazole spectrum at 651 cm~' and therefore, despite its weakness in Raman, we 
assume the 651 em~' band as fundamental, i.e. as a ring-deformation band. 

The assignment of the out-of-plane ring deformation bands is easily accomp- 
lished, assigning to them the two C-type bands at 632 and 595 em~'; they corre- 
spond to the 601 and 550 em~! bands of furan and to the 841 and 510 em~-' bands 
of ps rrole. 

Although the given assignment does not seem open to many criticisms, it is neces- 
sary to observe that, owing to the very low molecular symmetry, many couplings 
of the different type of vibrations must be taken into account. 

The more critical of these would involve the 1128 em~' ring deformation fre- 
quency and the CH bendings at 1217, 1089 and 1021 em~'; a sharp distinction 
between CH and ring deformation frequencies in this spectral range, from this 
point of view, would be therefore meaningless. 

When the results of this research were communicated at the meeting of the Societa Chimica 
Italiana (Turin, May 1958) there was a communication from BoreL_i_o on the same subject. His 


conclusions, based, however, only on the infra-red spectrum, are substantially in agreement with 


our own 


i 
V OL 
4 
4 5 
195° 
ae 
“4 


Spectrochimica Acta, 1959, pp. 05 to 109, Pergamon Press Ltd. Priated in Northern Ireland 


The vibration spectra and structures of the hydrochlorides of urea, 
thiourea and acetamide. The basic properties of amides 
and thioamides 
SPINNER 
Department of Medical Chemistry, the John Curtin School of 


Medical Research, the Australian National University, 
Canberra, A.C.T., Australia 


(Received 16 O ‘ober 1958: amended 10 November 1958) 


Abstract—The infra-red and Raman spectra of the hydrochlorides and of the neutral molecules 


have been measured. The spectra show that the structures of the cations are NH, ‘ONHsg, 


NH,CSNH, and CH,CONH, respectively; no spectrum of the cation of thioacetamide could 
be obtained. The postulate of extensive delocalization of the unshared nitrogen electrons in 
these substances, leading to partial double bond character of the CN bonds, is hard to reconcile 
with (a) the preferred site of proton addition, (b) the spectral results in the cases of urea and 
acetamide; however, no firm conclusions can be drawn about the bonding in thiourea and its 
cation because of mixing of vibrations there. The structure and basic properties of amides and 
thioamides are discussed with reference to electronic theory. 


Introduction 
Urea, thiourea, acetamide and thioacetamide all possess two basic sites: each 
base can conceivably give rise to two cations: an ammonium ion (proton addition 
to the nitrogen atom) and an “‘oxonium” or “‘sulphonium” ion (proton addition 
to the oxygen or sulphur atom). According to the theories generally accepted at 
present the latter ions would actually be resonance hybrids (cf. below) and highly 
stabilized in consequence. This study of the vibration spectra of the hydrochlorides 


OH OH 


has shown that the cations normally formed are the ammonium ions; there is no 
evidence of the presence of any of the resonant ions. 

The infra-red spectra of the (mono-) hydrochlorides of urea, thiourea and 
acetamide have been determined in the solid state, their Raman spectra were 
taken in concentrated hydrochloric acid, i.e. in an aqueous medium; for reference 
the corresponding spectra of the neutral molecules were redetermined. All attempts 
to obtain the infra-red spectrum of solid thioacetamide hydrochloride only yielded 
the spectrum of thioacetamide; thioacetamide is not sufficiently basic (nor 
sufficiently stable towards acid) for a Raman spectrum of the cation to be 
observable with a solution in concentrated hydrochloric acid. 
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The infra-red spectrum of the urea cation, in urea nitrate, was previously 
determined by Davies and Horkrns [1]; their conclusion that the cation is 


NH,CONH, is confirmed. The vibration spectra of the neutral molecules are 
reported in the literature [2—7]*: apart from the frequencies for urea and its cation 
in the range 1600-1700 em~', which differ from those of Davies and Hopxins[1]ft, 
the spectra redetermined in this work usually agree fairly closely with those 
previously reported. 


Experimental 
Materials 


Urea hydrochloride was prepared by saturating a well stirred suspension of finely ground 
urea in anhydrous ether with dry hydrogen chloride; after decantation of the ether the product 
was dried. Thiourea hydrochloride [8] was crystallized from concentrated hydrochloric acid. 
(Found: S, 28-7: Cl, 32-1°.. Caled. ¢ N,H.SCl: S, 28-4; Cl, 315°). Acetamide and thio- 
acetamide hydrochlorides [9,10]: solutions of acetamide and thioacetamide, respectively, in 
anhydrous ether were saturated with dry hydrogen chloride at room temperature, the hydro- 
chlorides being precipitated. 

The solid hydrochlorides were dried and stored over phosphorus pentoxide in high vacua, 
and handled (pasted with liquid paraffin, or ground with potassium bromide) in a dry atmosphere, 
because urea hydrochloride is extremely hygroscopic and thiourea hydrochloride and acetamide 
mono-hydrochloride are slowly hydrolysed by atmospheric moisture (the latter to a hemi- 
hydrochloride). Since the infra red spectrum ot thioacetamicd hydrochloride” was always 
identical with that of thioacetamide, no matter how much care was taken in the preparation 


of the sample for spectral examination, or how speedily it was prepared, there is at least a 
} 


nlity that this hvdrochloride is a loose adduct rathe rthana genuine salt. 


Infra red spee fra 


These were taken with a Perkin-Elmer single-beam single pass model 12-C spectrometer, 
fitted with a lithium fluoride prism for the range 3800-2400 em! and a sodium chloride prism 
for the range 2400-700 cm™~!, and calibrated in the usual manner. Solids were examined as 
mulls in liquid paraffin and/or in potassium bromide disks. The infra-red spectra of the 
hvdrochlorides of urea and acetamide in aqueous hydrochloric acid were measured on thin 


Olutions of the same strength as were used for the Raman spectral determinations 


vaman ectra 


These were taken with a Hilger Raman spectrograph operating at effective slit widths of 
teom™!; spectra were recorded photographically and the plates were examined visually 
microscope. An iron are spectrum and the Raman spectra of carbon tetra 

were ist d for calibrating the instrument. he frequi neces of strong bands 


mut 2 em~', but those of weak bands (especially when broad) may be in 


en in references 


on the actual frequencies, there is none about the general features 


ms. vd oc. §3, 1563 (1957) 

26, 248 (1957 

I. SHIMANOUCHI and S Mizusuima, Spectrochim. Acta 10, 170 (1957 
S. Mizusmima, T. J. Lane, C. Curran and J. V. 


es and L. 
warr.J. 


Chem. S 4 
Davies and H LAM, Tra Faraday Soc. 47, 1170 (1951 
Mecke and H en fer, B89, 1110 (1956 
F. tamanaspektren p. 275. Akad. Verlagsages. Becker und Erler Leipzig (1943 


PINNER and |] 
V. JOERGENSEN, . 


4 

(see be low). 

2 
wi 
K rences to earlier work are givens and | 7 
Though there is disagreement 
pik of the spectra 
2) STI "hay 
3: A. Yamacuecur. T. Mryazawa 
4) A. ¥ RK. B. P 
J 
6) R 
H 51, 
¢ prakt Chem 66. Vs (1002 
G6 
= 
: 


The vibration spectra and structures of the hydrochlorides of urea, thiourea and acetamide 


error by considerably greater amounts; the Raman spectra are rather less accurate than the 
infra-red spectra with regard to both detection limits and frequencies on weak bands. Raman 
bands were measured over the range 200-1700 em=! (below 200 and above 2600 em source 
emission lines are troublesome). 

Before examination, solutions were filtered, centrifuged and (where possible) allowed to 
stand in the specimen tube for some time. The concentrations used (weight of solute to weight 
of solvent) were: aqueous solutions—urea, 1:1; thiourea, 1:4; acetamide, 1: 1-2; thio- 
acetamide, 1: 7; solutions in concentrated hydrochloric acid—-urea, 1: 2; thiourea, 1 : 3-5; 


acetamide, 1 : 5;* thioacetamide, | : 7. 


Main features of spectra. The structures of the cations 
The vibration spectra of the substances examined are summarized in Tables 1—7. 
There is no absorption band above 3400 cm~! in the infra-red spectra of either urea 
hydrochloride or acetamide hydrochloride, showing that the molecules do not 
contain hydroxyl groups.t There is no sign of a band near 2570 cm~-! in the 


Table 1. The vibration spectrum of urea§ 


Infra-red 


Raman 

; and assignment 

(solid) (aqueous soln.) 
Paraffin KBr (aqueous soln.) 


mull disk 


3441 w 

3428 s 

3328 § 

3248 m 

2650 w 1627 1005 


H stret. 


2222 vw 

679 8 688 8 

Vs Vs ~1630 vs ? lc 

1466 s 1458 39 1 NH, in-plane bending or 

N- N asym. stret. 
1371 ? 

1152 m 1153 1170 1169 vw NH, wagging or rocking 

1066 w 1064 1064 
1054 

L003 1002 w L005 ms N N sym. stret. 


w 


§ Wave numbers of band maxima in em Intensities are as very strong (vs), strong (s 


medium (m), weak (w), very weak(vw), doubtful bands (7%) or intermediate 


* The strong Raman band of unionized acetamide was not visible at this concentration 
+ The only bands observed with this solution were due to unionized thioacetamide (decomposition 
with formation of hydrogen sulphide is fairly rapid 


Alternatively, one would have to assume a seemingly incredible lowering of the O—H stretching 
frequency 


J lie 
15 
w 
583 vw 
519 w 
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{aman spectrum of thiourea hydrochloride, which shows that the thiourea cation 
does not contain a mercapto group (the S—-H stretching band near 2570 cm~!, 
though weak in the infra-red, is quite strong in Raman spectra). In the infra-red 
spectra positive indication of the presence of NH, groups is provided by the 


appearance of (1) strong N-—-H stretching bands in the cations at frequencies 


Table 2. The vibration spectrum of urea hydrochloride* 


Infra-red 


Raman 
(solid) (aqueous soln.) Band assignment 
Paraftin KBr (aqueous soln.) 


mull disk 


3360 sb 3386 sb N—-H stret.. NH, 
3237 sb 


3165 sb 3152 sb N-—-H stret., NH, 
NH, ? 


2570 ~2560 m NH, 
1700 ~ 1663 sb* \{‘ © stret. 
1642 1 H--N—H scissoring 


1625 


in-plane bending 


1550 N—H asym. bend., NH, 

1475 NH, in-plane bending or 
N-—C——N asym. stret. 

1407 NH sym. bend., NH, 

1317 

1136 1140 mw NH, wagging or rocking 

1062 1095 

1012 v LOIS w 1018S s N-—C\—N sym. stret. 

59 


919 


NH, torsion 


* See footnote to Table 1: b broad 
* Broad absorption 1630-1695 


lower than the N—-H stretching frequencies in the neutral molecules; (2) additional 
bands in the N—H bending region in the hydrochlorides of urea and thiourea; 
(3) the band at 2570 em~! in the urea hydrochloride spectrum, and the fairly 
strong bands at 2350 em~! in the thiourea and acetamide hydrochloride spectra 
(bands in this region are observed in NH, derivatives) [11]. 

11) R. N. Jones and C. Sanporry, The Technique of Organic Chemistry (Edited by A. WeisspercER) 


Vol. LX, pp. 514-520. Interscience, New York (1956). 
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The Raman spectra of the cations do not differ profoundly from those of the 
neutral molecules except that the ions show a band of appreciable intensity in 


the range 470-560 em~', while in the neutral molecules these bands are either 


quite weak or (more probably) absent. 


Table 3. The vibration spectrum of thiourea* 


Infra-red 
(solid) Raman 
Paraffin KBr disk (aqueous soln.) 


Band assignment 


3376 8 | 


3275 8 


8174 s stret. 

3093 m 

2680 m 2677 m 1611 1086? 
2540 w 2520 vw 1475 1086? 
2135 w 2135 w 

2056 w 

l6lls 1595s H—N-—H scissoring 


14758 l47ls NH, in-plane bending 
or N—C—N asym. stret. 
1412s 1417s 1391 m Composite? 
1317 vw 
1190 wh 1172 mw 
1143 w 
1086 ms 1086 m 1092 ms Compositet 
985 infl. 
766 w 765 w 
732 ms 731 w 729 s Composite? 


532 mw 
411 vw? 
248 vw 
228 vw 


* See footnote to Table 1. 
Probably composed of C=S stret., N—-C—N stret. and NH, bending; see text. 


In aqueous solution one can always expect both possible cations to exist, 
though one of them might only be present in minute amount. A priori, one could 
not rule out the (rather remote) possibility that the form of the cation found in 
the crystalline state is different from that which preponderates in aqueous solution. 
In the instance of the thiourea cation this possibility can be dismissed: three 
strong frequencies observed in the aqueous-phase Raman spectrum, 1444, 1128 


and 708 cm~', are also reasonably intense in the solid-phase infra-red spectrum, 


as in the case of neutral thiourea. In the instances of the hydrochlorides of urea 
and acetamide the evidence was not so strong and the infra-red spectra of the 


aqueous solutions were therefore determined, as far as this is practicable. It is 


obviously impossible to demonstrate by this means the absence of hydroxy! groups 


from the species present in aqueous medium, but the carbonyl stretching bands 
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are strong enough to be seen clearly and lie close to those observed in the solid 
state*: the identity of the molecular species present in the solid phase with that 


preponderating in aqueous solution can therefore be regarded as established. 


lable 4. The vibration spectrum of thiourea hydrochloride* 


Infra-red 
solid) Raman 
Paraffin KBr disk (aqueous soln.) 


mull 


Band assignment 


3266 infl. 3200 

3208 sb 3190 j 

3080 Sll4s | N--H stret., NH, 

2710 2730 | 1644 11237 

2350 2350 NH . 

2030 

1644 6 H seissoring 

1544 535 1560 m HN asym. bend... NH, 

1440 1444 m Composite * 

1383 w 

1349 mb 1310 w - 
1230 vw VVUlie 
12197 15 


1172 

omposite* 
1090 

1041 


vw 


ms posite 


NH, torsion? 


Discussion of band assignments 
In Tables 1—7 assignments for the more important bands are given. Assign 
ments for the neutral molecules and the urea cation have been proposed 


* The three strong bands in the urea cation are so broadened in aqueous solution as to merge into 


one band (1630-1695 em~' 


23 
1123 w 
1083 w 
1006 vw 
28 993 vw 
782 infl. 790 w 
743 | 
i128 | OS 
612 w 
574 vw 
543 vw 
w 
3560 vw 

325 w 
277 w 4 
245 
245 w 
ae * See footnote to Table | 
* See footnote to Table 3 
3 hoo 
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previously [1-6]. The carbonyl stretching vibration in these primary amides is 
probably mixed to some extent with the H—-N--H scissoring motion. The 


assignments of bands to vibrations involving © N stretching motions call for 
special comment. 


Table 5. The vibration spectrum of acetamide * 


Infra-red 


Raman 
Band assignment 
(soln. in (solid) (aqueous soln. ) 


, (aqueous soln. 
CHCL,) | 


3528 N-—-H asym. stret., free 
3499 N—H« stret., assoc. 
3414 N—H sym. stret., free 
3356 b 3336 s 

3195 b 3179 s [NH stret., assoc. 
2932 w (—-H asym. stret. 
2815 w C—-H sym. stret. 
2545 w 1684 874? 
1675 8 1684 8 ~1667 s 1664 vw C—O stret. 
‘1641 m 1614 2 
1592 (s) 1595 H--N—-H scissoring 
1461 m 1463 vw C-H asym. bending 
1385 8 1402 s 1400 ms 1400 vw NH, in-plane bending or 
C—C—N asym. stret. 
13378 1355 ms 1355 vw C—-H sym. bending 
1120 m 1150 ms 1124 m 1140 w NH, wagging or rocking 
1086 m 1083 vw 
1045 w 
~YS7 m 1004 w ~ 1002 vw LOLS vw 
955 vw 
S74 m ~ 867 w 871 ms C—C—N sym. stret. 


798 mwb 
715 sb 
660 vw? 
581 vwb 
537? 


450 vw 


See footnote to Table l. 


The only strong Raman bands in urea and the urea cation, at 1005 em~! and 
1018 em! respectively, are undoubtedly due to the strongly Raman-active 
symmetrical N--C--N stretching vibration.* The only strong Raman bands in 


acetamide and the acetamide cation, at 871 cm ' and 882 cm~! respectively, must 


* Davies and Horxins[1] assigned a weak infra red band at 900 cm~' in the urea nitrate spectrum 
to the svmmetric N—C——N stretching motion, but this vibration cannot be assigned on the basis of the 
infra-red spectrum alone; the Raman spectrum proves that the urea nitrate frequency of 1017 em : 
should be assigned to it. No band at 900 cm ~' was found in the infra-red spectrum of urea hydrochloride. 
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lable 6. The vibration spectrum of acetamide hydrochloride* 


Infra-red 


Raman 
Band assignment 


(aqueous soln.) 


infi., 3310 infl. 


3249 sb 3251 

SLIL ab 3126 sb 
2981 w ( H asym. stret. 
2025 w 
2799 mw H sym. stret. 


2649 mw 


2600 vw 1718 SAD? 


2400 vw 


2425 


2230 


Is44 
770 m 
s 1712 sb () stret. 


1665 


1608 m NH, in-plane bending? 
l474s8 1497 sb ( H asvm. bending 


N 
( (— asvm. stret. 


1428 H sym. bending or 


s 1372 vw ( H sym. bending 
1345 w 

1287 s 1287 vw 

1240 

1123 m 1114 vw 

1055 w 


SOS 
( ( N sym. stret. 


SSD 


vw: 


559 mwb NH, torsion’? 


wh 


vw? 


footnote to Table 1. 


similarly be due to in-phase (pseudo-symmetric) C—C—N stretching. In the 


author's view there can be no doubt that in acetamide the C—C and C—N stretch- 
ing vibrations are coupled; in CH,—CH, »(C-—C)s = 993 em~' [12], in CH, —NH, 
v(C—N)s 1034 cm™~! [12]; in acetamide the intrinsic frequencies of both these 


12| G. Herzperc, Molecular Spectra and Molecular Structure Vol. U. Infra-red and Raman Spectra of 
Polyatomic Molecules. Van Nostrand, New York (1945). 
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Table 7. The vibration spectrum of thioacetamide* 


Infra-red 


Raman 
Band assignment 


(solid) (aqueous soln.) 


KBr disk 


(soln. in CHCI,) 


3490 N—-H asym. stret., free 
$446 N—H stret., assoc. 
3378 N—H sym. stret., free 
3309 3200 m 


stret., assoc. 


3199 3085 ms 
2976 vw? (—H asym. stret. 
2935 w C—H sym. stret. 


2678 w 
2621 w 
2139 w 
2023 w 


l6lls 1648 s H—N—-H scissoring 


1481 


H asym. bending 


1393 


NH, in-plane bending o7 


C—C—N asym. stret. 


1366 1363 s C—-H sym. bending 
1313s 1303 s 1313 vw? Composite? 


1026 mw 1025 w 
967 ms 
720 8) 
7l4s Composite ? 
522 wvb 


vw 
109 vw? 


* See footnote to Table ] 


vibrations should be a little higher. From the figures in Table 8 a value of ~1100 
1 


em~' appears reasonable for the intrinsic C—N stretching frequency in an amide. 


Much higher values have been proposed for this frequency in the past, e.g. 


1255 em~' in the case of formamide [13] and 1379 cm~! in that of acetamide: the 


former band disappears in solution in deuterium oxide, which suggests that it is 
due to an NH bending vibration: the latter. at best. is due the out-of-phase 
C—C——N stretching motion. Similarly, very high values have been proposed [2] 
for the asymmetric N—-C—-N stretching frequencies in urea (1468 em") and thio- 
urea (1473 cm~'), but since the bands concerned seem to be strongly displaced by 
deuteration*, probably to 1154 em~! in tetradeuterourea (see Table 4 in ref. [3] 


* The only alternative (actually favoured by YamMacucnui ef al.[4) is that deuteration shifts these 
bands to higher frequencies [1490 cm-* in (ND,),CO and 1500 em? in (ND,),CS]; this seems rather 
unlikely. 


[13] J. C. Evans, J. Chem. Phys. 22, 1228 (1954). 
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and Fig. 99 in ref. [7]) and to 1143 em~' in tetradeuterothiourea [4], the author 
prefers to assign them to in-plane NH, bending vibrations. In these substances 
the change in dipole moment during the course of the out-of-phase N—-C—-N 
stretching vibration could easily be so low that the band is not observed; ~1200 
em~' is suggested to be a likely frequency for this vibration. 


lable 8. Some C-—N and C—O stretching vibration frequencies ** 


Substance v(CN)s Substance v(CNC)sym., s Substance 


HCO.OH 1093 
(CH,),.NH CH,—OH 1034 


(CH,),.NH, 


*In cr 


+ Data taken from pp. 224, 301 (ref. 7) and pp. 321, 335 (ref. 12). 


The band at 1412 em~' in the infra-red spectrum of thiourea has repeatedly|2.14] 
been attributed to thiocarbonyl bond stretching, but this would be an astonish- 
ingly high frequency for this vibration; the suggestion of YamaGucut ef al.[4] 
that C—S stretching, C—N stretching and the NH, rocking motion mix in thiourea 
seems far superior. In compounds in which no nitrogen atom is attached to the 
(—S group the thiocarbonyl stretching band in the infra-red is in the region 
1140 — 80 em-' [14-16], where, in the case of thioformaldehyde, it is predicted to 


be by three semiempirical methods of calculation (see Appendix 1; a CS bond 
order of 2 is assumed). An NH, bending vibration (wagging or rocking) and the 


asymmetric N—C—N stretching, or possibly the intrinsic C—N stretching vibra- 
tion!17}*. also have frequencies close to 1140 em~'. Three composite v ibrations can 
be visualized. and the three strong Raman bands in thiourea and its cation are 
attributed to them. 


The bonding in the neutral molecules and the cations 
Variations in the stretching frequency of a given bond with molecular sur- 
roundings are often attributed to changes in bond multiplicity. Thus the decrease 
in the carbonyl stretching frequency from formaldehyde (1744 cm~') to acetamide 
(1675 em~') to urea (~1627 em~') is said to be due to an increase in the single 
bond character of the CO linkage in that order. Resonance with zwitterion 


structures is partly destroyed in the urea cation NH,CONH, and fully destroyed 
in the acetamide cation CH,CONH,: the C=O stretching frequencies in the 


* Some compounds containing the CS-NH grouping do show the strong thiocarbonyl band near 
1140 em~': this suggests that ordinary ¢ N stretching does not mix with C= S stretching. 
Mecke. R. Mecxe and A. Li’rrrincuaus, Z. Naturforsch. 10b, 367 (1955); Chem. Ber. 89, 
1956): Lbid. 90, 975 (1957 
Jones, W. Kyxaston and L. J. Hares, J. Chem. Soc. 614 (1957). 
Sprxner, J. Org. Chem. In press. Also unpublished data. 
Dav IES and W J JONI Ss. Chem. Sor 055 (1058). 
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cations are higher than those in the neutral molecules. in agreement with these 
ideas. * 

Resonance is also said to confer some double bond character upon the CN bond 
in an amide; according to the calculations of Davies and Hopkins [1] the CN bond 
order in urea is close to 1-5; the intrinsic C——N stretching frequency is raised 


accordingly. In the cations the CN bonds must be pure single bonds and the C—_N 
stretching frequency should be substantially reduced. To be more precise, the 
reduction should be substantially greater than 40 em-!, 40 em-! being the drop 
which cation formation produces in the C—_N st retching frequency of methylamine 
and in the C—-N—C symmetric stretching frequency of dimethylamine (see 
Table 8). 

Actually the N—C—N in-phase stretching frequency in the urea cation 
(1018 em’) is slightly higher than that in urea (1005 em '). Similarly, the in- 
phase C—C-—N stretching frequency in the acetamide cation (882 cm~') is higher 
than that in acetamide itself (871 em-!). Thus one would have to conclude that 
the CN bonds have, if anything, Jess double bond character in the neutral molecules 
than in the cations. 

To clinch the case finally, it would be helpful to have the frequencies of the 
asymmetric stretching motions as well. If one accepts STEWART’s assignments | 2]+ 
one reaches the same conclusion: the frequency in the urea cation (1475 em-!) 
is again higher than that in urea (1466 em"), The band 1402 cm~! in the infra-red 
spectrum of acetamide, which has been associated with a CN stretching motion, 
is in all probability raised to 1428 em=! in the cation.; The substantial lowering 
of C—N stretching frequencies on cation formation predicted in these substances 
by resonance theory is certainly not observed. 

The assignment of frequencies in thiourea not being established beyond all 
doubt, no firm conclusions can be drawn concerning bond orders in thiourea. 
The vibration spectra of thiourea and its cation resemble each other closely and 
it is unlikely that the bonding in the cation differs appreciably from that in the 
neutral molecule. Of the three strong Raman frequencies in thiourea two are 
raised (by 53 and 36 em-', respectively) and one is lowered (by 21 em~!) on cation 
formation. 

The intrinsic C—_N stretching frequency is undoubtedly higher in amides than 


in amines§; since it is not lowered in the CO-NH, derivatives, this cannot be 
due to a partial double bond character of the CN bonds in amides. Another 
explanation is necessary; this is provided by an effect first considered by 
KISTIAKOWSKI [18] and recognized to be of wide application by Burawoy [19]. 
Since the bond angle at the carbon atom is 120° in acetamide, as against 109° in 


* In the resonant cations, by contrast, the C—O stretching frequencies would be lowered. 
* See discussion of band assignments 

> There is a rather remote possibility of a misassignment here; the cation frequency of 1377 em-! 
could conceivably correspond to that at 1402 em—! in neutral acetamide. 

§ Cf. the symmetrical bond stretching fre quencies: 1005 em~! in urea and 931 em— in dimethylamine. 
[18] J. B. Conn, G. B. Kistiaxowskx1 and FE. A. Smirn, J. Am. Chem. Soc 61, 1868 (1939) 
19] A. BurRAwoy Contribution ala Structure Voleculaire (V. Henri Memor.Vol! )p. 73. Desoer, Liége (1948). 
Trans. Faraday Soc 40, 537 (1944); Chem. & Ind. (London) 63, 434 (1944). 
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methylamine, the interelectronic repulsions between the C—N bonding electrons 
and the other electrons attached to the carbon atom are smaller in acetamide than 
in methylamine (this effect is reinforced by the dipolar character of the C—O 
bond). In acetamide, therefore, the C—N bonding electrons are closer to the C 
nucleus, and the CN linkage is shorter and stronger, than is the case in methylamine. 


In the absence of complicating factors, bond shortening is accompanied by an 
increase in the stretching force constant and in the stretching frequency. The 
addition of a proton to the N atom in an amide will not change the geometry of 
the —CO-R system significantly and the C—N stretching frequency should be 


substantially unchanged, as is actually the case. 


The basic properties of amides and thioamides 

On the basis of the generally accepted theories of electron delocalization the 
preferential proton addition to the nitrogen atom is surprising in amides and very 
surprising in thioamides. A complete analysis of the energetics of proton addition 
to a base is given in Appendix 2. 

The ionization potential of uncharged oxygen exceeds that of uncharged 
nitrogen (in compounds like dimethyl ether and dimethylamine) by about 25 
keal/mole [20], and the OH bond is stronger than the NH bond (in water and 
ammonia, respectively) by about 16 keal/mole [21], leaving a balance of about 10 
keal/mole in favour of proton addition to a nitrogen atom.* However, in a urea 
molecule (or amide) in which there is a substantial negative charge on the oxygen 
atom and a partial positive charge on the nitrogen atom, the above figure of 25 
keal/mole will be substantially reduced or even become negative. Considered in 
terms of resonance energies, proton addition to a nitrogen atom in urea reduces 
the delocalization energy, generally taken to be 37 kcal/mole, by at least 30 per 
cent (cf. ref. {1]). In the cation [(NH,),COH]* conditions for resonance are very 
favourable, and the resonance energy must be substantially higher than in urea. 


Thus the resonance energy in |(NH,),COH]* must exceed that in NH,CONH, by 
far more than 10 keal/mole, and the highly resonant ion should be far more stable. 


Since actually the ion NH,CONH, is more stable, all these resonance energies 
must, at least, be considerably lower than is generally supposed. 

As regards thioamides, the ionization potential of uncharged nitrogen exceeds 
that of uncharged sulphur, in compounds like dimethylamine and dimethyl 
sulphide, by about 4 kcal/mole [20], while the NH bond strength exceeds the SH 
bond strength by a similar amount (3-2 kcal/mole, if one compares ammonia and 


* All these figures will undoubtedly be somewhat modified in amides and thioamides. 
20) W. C. Price, Chem. Revs. 41, 257 (1947). 
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hydrogen sulphide) [21]. Thus there is a fairly close energy balance here, and other 
factors, normally less important, become decisive (see Appendix 2). Bond length 
data [22] have been said to show that the unshared nitrogen electrons are delocalized 
to about the same extent in urea and thiourea. However, even a small contribution 


of the zwitterion form NH, = CNH,'S to the structure of thiourea, or any appreci- 
able resonance energy in the cation |(NH,),CSH]*, should turn the energy balance 


between NH,CSNH, and [(NH,),CSH]* well in favour of the latter ion, in which 


conditions for resonance are almost ideal.* Since, in fact, NH,CSNH, is the 
more stable cation the resonance energies in these substances must be quite low. 

These conclusions fit in with the deductions drawn from the vibration spectra 
that the CN bonds in amides have no double bond character, that there is in fact 
no appreciable electron delocalization in these compounds. , 

Resonance with zwitterion structures of the type RCONH, <>» RCO.—NH, has 
been postulated for amides mainly to explain bond length and thermochemical 
data. Thus, the CN bond length, 1-47, A in methylamine, is only 1-35 A in urea 
and 1-33 A in thiourea; also, a stabilization energy amounting to 21 keal/mole in 
amides and 37 kcal/mole in urea [23] has to be accounted for. In the author’s view 
these facts are to be explained not by electron delocalization, but by two other 
effects: (a) owing to the smaller interelectronic repulsions (see above) the CN 
single {(a-) bond is shorter and stronger in an amide than it is in an amine (and a 
stronger bond means additional stability for the molecule as a whole); (b) intra- 
molecular van der Waals—London attraction [24] between the NH, and C=O or 
(=S groups produces a further shortening of the CN bonds and confers additional 
stability upon the molecule; (b) is probably less important in amides but should 
be quite prominent in thioamides (see below). 

The low basic strength of acetamide, as compared with that of methylamine, 
is easily explained by the electron-withdrawing inductive effect of the COCH, 


group. Obviously the positively charged CONH, group is more electron- 


withdrawing still, making the ion NH,CONH, a weaker base than NH,COCH,. 
Inductive effects do not explain why thioamides should be weaker bases than 
amides*t, but this can be understood by a consideration of the intramolecular 
London—van der Waals energies of cohesion (U,), which, between two unlike groups 
within a molecule (A and B), are composed of terms of the type 


* The canonical forms NH,=-CSH-NH, (two structures) and (NH,),C=-SH should make roughly 
equal contributions. 

+ The theory of mesomeric effects [25] explains why the N atom should be less basic in a thioamide 
than in an amide (though it fails to explain why there is no proton addition to the 8 atom). 
L. H. Lone, Quart. Revs. (London) 7, 134 (1953). 
J. E. Worsuam, H. A. Levy and 8. W. Pererson, Acta Cryst. 10, 319 (1957); N. R. Kuncuur and 
M. R. Truter, J. Chem. Soc. 2551 (1958). 
L. Pavuuine, The Nature of the Chemical Bond p. 138. Cornell University Press, Ithaca (1948). 
E. Spinner, J. Chem. Soc. 1590 (1956). J. Am. Chem. Soc. 79, 504 (1957). 
C. K. INcoup, Structure and Mechanism in Organic Chemistry pp- yP p. 134. Cornell University Press, 
Ithaca (1953). 
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where x , and x, are the polarizabilities of A and B, his Planck's constant, »_, and 
vy, are the frequencies of electron oscillations in A and B which give rise to intense 
electronic transitions, and & is the distance between A and B. 


Since the NH, group is less polarizable than the NH, group the cohesion energy 
decreases on cation formation; since the polarizability of the C--S group is more 
than three times that of the C=O group*, the decrease must be at least twice as 
great in a thioamide as it is in an amide (the v-value will be somewhat lower for 
the C=S than for the C—O group). A quantitative estimate of this effect is 
difficult. because of uncertainty about the appropriate y-values and because, for 
small values of R, R® must be replaced by a somewhat uncertain but rather smaller 
quantity |26], but loss in intramolecular London—van der Waals cohesion on cation 
formation does explain qualitatively why thioamides are less basic than amides. 

A study of the site of proton addition in cyclic amides of the type of 2-oxo- 
|:2-dihydropyridine (shown below) is in progress and will, if possible, be extended 
to the corresponding thioamides. 


NH 
HC 


CH—CH 


Appendix 1 
mpere al ulation of the arbonyl stre tehing fre quency im thioformalde ude 


Frequencies used in calculations* 
r(C=C)s in C,H,: 1623 r(C==O)s in CH,O: 1744 

in C,Hg: 993 p(C==O)s in CHZOH: 1034 

sym. s. in 1071 sym. s. in CO,: 1337 
vit C) asym. s. in C,H,: 1980 r(O—C—0) asym. s. in CO,: 2349 


( 
r(S<-C=S) svm. s. in CS,: 656 
{ 


rs S) asvm. s. in CS,: 1523 


There are three ways in which the thiocarbonyl stretching frequency in thioformaldehyde§ 
may be estimated: (1) Using the known relations (1) and (11) and the known C-—S stretching 
frequency, 695 relation (IIT) vields the value of ~1160 cm for r(C——-S)s in CH.S; (2) The 

v(C=—O)s 
1-64... (I) 1-69... (IT) 


())s rif S)s 


1-67... estimate 


root mean squares of the two stretching frequencies in the cumulated compounds allene, carbon 
dioxide and carbon disulphide are 1593 cm~', as against 1623 cm~ in ethylene (2 per cent low), 
1912 cm~', as against 1744 cm™ in formaldehyde (9 per cent high), and 1173 em", respectively. 
The large discrepancy in the case of the carbonyl frequency reflects mainly the high electrical 
asymmetry of the bond. Making allowance for the somewhat smaller electrical asymmetry of 


the thiocarbony! group yields an estimated C=-S stretching frequency of 1120 em 1 (in CH,S): 


* The longitudinal and transverse polarizabilities (in A*/molecule) are respectively 4-10 and 1-93 in 
and 15-14 and 5-54 in ¢ 25 

In em 

* Data taken from ref. [12), pp. 274, 277, 300, 326, 334, 339, 344 

S The double bonds in ethylene, formaldehyde and thioformaldehyde are all assumed to be of bond 


order 2 


26!) E. Srinner. To be published. 
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(3) From the bond stretching force constants in carbon dioxide and carbon disulphide calculated 
under the assumption of valence force fields (p. 173 of ref. [12]), the ratio f(C—O)/f(C=S) is 2-05. 
If this is combined with the ratio of the reduced masses of the CO and CS groups (1-273), 


v(C—S)s/r(C —O)s becomes 0-62; taking (C—O)s 1744 cm7!, one obtains »v(C=S)s 1080 


in CH,.S. (This figure represents a minimum value; the C O and C=S stretching force constants 


are higher in the cumulated compounds than in ordinary C=O and CS derivatives, but the 
difference is probably greater for the C--O force constant.) »(C==S)s in CH,S should be 1120 
40 
Appendix 2 
The ¢ nergetics of proton addition to a base 
For an analysis of the energetics, proton addition to a base XB is best regarded as a two- 


stage process: 


XB H: — [XB—H] 
(The molecule ion XB* is, of course, a radical.) 


The potential (electronic) energy change of the reaction consists of: (1) the ionization potential 
of (an unpaired electron on) B in XB; (2) the energy of homolytic fission of the B—H bond 
in{XBH]*; (3) the difference in energy of intermolecular interaction (e.g. solvation or lattice 
energy) between products and reactants in the reaction medium. (1) will be influenced by the 
electron releasing powers of » « 

According to the theories generally accepted today, if electron delocalization is possible in 
XB, it may be necessary to add (4a) the difference in resonance energy between XB and 
|X BH}*, insofar as this is not accounted for by considering the contribution of mesomeric 
effects on (1). (In practice it may be simpler to consider the total change in resonance energy, 
rather than estimate a mesomeric contribution to (1)). According to the author’s view one 
should. instead, add (4b) the difference in intramolecular London-van der Waals cohesion 
energy* between XB and [XBH]*. (5) The energy of molecular rearrangement, if the relative 


positions of the atoms in XB change on cation formation. 


Acknowledge ments——The author expresses his thanks to Professor A. ALBERT for helpful comment 
on the manuscript. Mr. D. T. Licur is thanked for technical assistance, and Dr. J. E. Fibres 
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* Other intramolecular cohesive forces, e.g. those due to hydrogen bonds, may also be important 


on occaslons. 
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Abstract The fundamental grounds of the experimental method for measuring the intensities 
of infra-red absorption bands have been revised and some general conclusions about the 
reliability of intensity determinations in gases have been drawn. The most important sources 
of error in these measurements are examined, The behaviour of the apparent intensity as a 
function of the prod wt pressure oft the vas times ce ll ke nuth) when pl > O is dine ussed. 

The intensities of the fundamental infra-red absorption bands lying above 400 em™~! of CHF, 
and CHCl, have been measured using the pressure-broadening technique. Bond moments and 


their derivatives are calculated and the results are briefly discussed. 


A CONSIDERABLE amount of work has been done in the past few years on the 
measurement and interpretation of infra-red absorption intensities. Ultimately 
these intensities have generally been interpreted as a function of the polar properties 
of the corresponding bonds; bond moments and their derivatives. While the 
absolute values of these quantities are important in that they provide additional 
data on the nature of the chemical bond, it is easier to interpret a trend in their 
values in a series of related compounds. Bearing this in mind it seemed interesting 
to carry out measurements of intensities in the series of fluorine and chlorine 
derivatives of methane. In this paper we report the particular results obtained 
for fluoroform and chloroform and give some general considerations on the method 
of measurements and on the relation between the intensity and the rate of the 
change of the total dipole moment with respect to the corresponding normal 
co-ordinate 
Method of measurement 

The reliability of infra-red intensity measurements has been greatly increased 
in the last few years. However, the difficulty of making accurate intensity 
measurements still remains, and the problem of reducing as much as possible the 
experimental errors, both accidental and systematic, needs further and more 
careful consideration. This is made patent by the rather large differences generally 
observed between the intensity values of the same bands as reported by different 
authors. But accurate values are the first requirement in studying vibrational 
intensities. For these reasons we have paid special attention to the main sources 
of error in these measurements and revised the fundamental grounds of the 
experimental method of measurement. 

It has been shown by Witson and Wet ts [1] that if the incident intensity does 
not vary rapidly over the slit width, and if either the absorption coefficient is 


1) E. B. and A. J. Wess, J. Chem. Phys 14, S578 (1046). 
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constant over the spectral slit width or the resolving power is constant over the 
width of the band, and if the slit function is symmetrical, then 
lim B =A (1) 
pl-+0 
B being the integrated apparent absorption coefficient for unit pressure and A the 
absolute intensity on the band. 

However, these hypotheses in Witson and WELLS’ arguments are seldom 
satisfactorily fulfilled. Firstly, the absorption coefficient cannot be considered 
constant over the slit width normally used in infra-red, even using a high 
broadening pressure. Secondly, the alternative hypothesis of constant resolving 
power over the width of the vibration—rotation band is far from reality, especially 
in broad bands such as, for instance, the », and », bands of SO, studied by us [2]. 
Therefore it seemed interesting to re-examine this question in more general terms 
and to specify the requirements that are actually necessary for equation (1) to 
hold. It then turns out that the sufficient condition for this is the invariance of 
the absorption area, plC’, with the resolving power, i.e. that 
— T(r’) (») 


dy’ 


ly 
oh T(r’) ob v) 


ple 

This invariance of the absorption area with the resolving power is well known 

to spectroscopists, and discussions of this problem have been given by several 

authors [3-5] but always assuming, like Wrson and WELLS, a symmetrical slit 

function and constant resolving power over the width of the band. We have 

proved equation (2) by assuming much less stringent conditions, which are usually 

fulfilled in experimental work {6}. Having proved equation (2) it is very easy to see 

that the limit of the apparent intensity B. when p/ — 0, is equal to the absolute 
intensity A. For 


T Av’ 1 T(r’ 
lim B lim In ol? lim (1 dv’ 


) pl--0 pl ) pl. T(r’) 


lim [1 exp (—a,pl)| dy | dy 
pl—-0 pl vr 
where we have made use of the equivalence of the infinitesimals In (7',/7) and 
l (7/T,). The equality 


lim = (4 
pl--0 
is also implicit in (3), bearing in mind the definition (2) of C. This property was 
used by BowurcGin [7] and recently by other authors to determine absolute 
intensities by measurements of areas of absorption. From equation (3), bearing in 
mind the known inequality —In 2 l1-. 2, it is easily seen that B is always 


2) J. Morciivo and J. Herranz, Anales real soc. espan. fis. y. chim. (Madrid) A 52, 207 (1956). 
| D. M. Dennison, Phys. Rev. 31, 503 (1928) 
[4] J. R. Nrevsen, V. Toornton and E. B. Date, Revs. Mod. Phys. 16, 307 (1944). 
R. De Prima and 8. 8. Penner, J. Chem. Phys. 28, 757 (1955) 
J. Morecriio, J. FernAnpez Biarce and J. Herranz, Anales real soc. expan. fis. y. chim. (Madrid) 
\ §2, 193 (1956) 
D. G. Bouraix, Phys. Rev. 29, 794 (1927). 
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greater than C. We have shown [6] that Bis a monotonic decreasing function of pl, 
+e. that the function B(pl) has always a negative slope. Therefore at finite values 
of pl, B is always smaller than A,i.e. A B >C. Consequently B extrapolates 
to A much more conveniently and rapidly than (, as was already indicated by 
Witsow and We ts [1] without proof. 

Recently CRAWFORD ¢f al. {8) have used a slightly different definition of the 
integrated intensity by introducing a new quantity I’, defined by the equation 


(a/v) dy (1/nl)} In d(in (5) 


ob 


To determine this intensity, use is made of WILson and Weis’ method, 
except that the observed optical density is integrated against log » rather than yv. 
This requires the implicit acceptance of the equation 


lim =T (6) 


-0 


l,, being the integrated apparent intensity defined in the same manner as is 
except that /, and / are replaced by the observable intensities 7’, and 7. Equation 
(6) is similar to equation (1) and, as in the latter, the sufficient condition for it to 


hold is that the new area of absorption, nll, be independent of the resolving power; 
that is, that 


T(r’) T(v') dy I(v) dy 
nll, (7) 


As it is seen, this condition is similar to that expressed by equation (2). Both 


are contained in the general equation 


I(v) dy 


(3S) 


This holds with sufficient accuracy, as we have recently proved [9], and equations 
(2) and (7) are particular cases of it for h(r) 1 and A(v) = » respectively. 

From equation (7) it is easy to see, in a way similar to that used above in the 
case of WILSON’s intensity A (equation (3)), that the limit of [,, when nl — 0 is 
equal to CRAWFORD’s absolute intensity ’. In the same way, it is easily seen that 
>We. CRawrorp’s apparent intensity, also being a monotonic 
decreasing function of nl. 

It is difficult to discuss in a general way the behaviour of the function B (or I’,) 
when it approaches its limit A (or P) as pl — 9, though this would be very interesting 
in order to know the theoretical accuracy of the usual method for measuring 
absolute intensities. With this aim in view we have calculated |6, 9] the slopes of 
8) R. C. Gourke, J. M. Muxts, W. B. Person and B. L. Crawrorp, J. Chem. Phys. 25, 1266 (1956). 


49) J. FernAnpez Brarce, J. Herranz and J. Morci.vo, Anales real soc. espaii. fis. y. chim. (Madrid) 
§4, 281 (1955 
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the functions B and [,, for pl — 0, obtaining the expressions 


and (%) 


which represents the dispersion of z,, 


Here the integrand is a function of »’ 
calculated with the mobile distribution function /,(v)g(v,v'), i.e. by defining the 


mobile average of x, as 


q(v.v') being the slit function. 

Equation (9) shows that the negative value of the slope at the origin of the 
function B(or I’) depends directly on the dispersion of «,, i.e. on the smoothness 
of the function «(v). Only if «, were always constant in the slit interval, in which 
y(v.v') is different from zero, would the dispersion always be zero and the slope of 
B (or of [,,) would vanish in accordance with the equality B = A (or T, = Pl), 
which can easily be deduced in this particular case. This condition cannot be 
strictly fulfilled, but the nearer we get to it the better the extrapolation will be 
done. This is achieved, as it is known, by eliminating the rotational fine structure 


by means of a high pressure of a non-absorbent foreign gas. The use of a broadening 


high pressure greatly reduces the absolute value of the slope of B (or of [',) at the 


origin and makes the extrapolation easier and more accurate; but even in this 
case the variations in the absorption coefficient may still be sufficiently large to 
cause appreciable differences between A and B (or between T and [,,), and measure- 


ments have to be done down to very low values of the product p/ in order to get 


good results in the extrapolation. These theoretical conclusions have been checked 


in the numerous measurements of intensities carried out with SO,, especially for 


the vr, band [2.10]. In these measurements it is observed that the slope at the 


origin of the plots of B against p/ decreases rapidly as the broadening pressure 


increases; whereas, on the contrary, for moderate pl values the slope is almost 


independent of the broadening pressure. 

For these reasons, extrapolation carried out with only a few measurements 
made at rather high values of p/ can, in general, lead to considerable underestima- 
tion of the intensity, especially in bands with strong and narrow Q-branches. This 
is clearly seen in Fig. 1, where as an example the values of the apparent intensity 
B are plotted against the product p/ for the », band of CHCI,. It will be observed 
that for moderate and high values of pl the slope is practically zero; but this 
increases for lower values of p/, so that if linear extrapolation is carried out and 
only the highest p/ points are taken into account, the intensity value obtained is 
10 per cent lower. For other bands, as, for instance, some of CHF, and CF,Cl 
measured in this laboratory |11], the underestimate in the linear extrapolation may 


(10| J. Herranz, Ph.D. Thesis, University of Madrid (1956). 
{11| R. pe La Crerva Ph.D. Thesis, University of Madrid, (1958). To be published in part in Anales 
real soc. espan. fis. y. chim. (Madrid). 
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mount up to errors of 20 per cent or more, as KapLAN and Eacers [12] have shown 
by completely different arguments. In these cases, the measurements done at 
lower values of pl are those that decide the extrapolated value of the absolute 
intensity; but these are precisely the least accurate measurements, because of the 
difficulty of measuring accurately the infra-red absorption of very weak bands. 
For these reasons it is only possible, in the above-mentioned cases, to set with 
certainty a lower limit to the value of the absolute intensity. There are, however, 
some bands, for instance v, of CHF, and », and y, of CFCI, [11], in which the slope 
of B(pl) is very small and remains practically constant down to very low values of 
pl, so that the extrapolation can be carried out with sufficient accuracy. 


6 


pi, 


Fig. 1. Plot of the apparent intensity, B, against p/ for the », fundamental band of CHCI,. 


Experimental 

The experimental technique used throughout this work was similar to that 
used for SO, [2, 10]. The CHF, used in this research was a sample furnished by 
Farbwerke Hoechst A.G. (Frankfurt) through the conduct of Actividn S.A. 
(Madrid), and the CHCl, was Merck-guaranteed reagent. Both were purified by 
distillation and no impurity bands were observed in their infra-red spectra. 

Pressures of sample gas were measured on a wide-bore mercury manometer, 
using the partition of a measured pressure between two known volumes for 
pressures below 100mm Hg. Samples were pressurized with nitrogen to a total 
pressure of one atmosphere, at which the broadening was complete. The measure- 
ments were done with a Perkin-Elmer 112 double-pass spectrometer, with lithium 
fluoride, rock salt and potassium bromide prisms. Experimental details, as well 
as plots for each of the bands, error treatment, etc., can be seen in|11|]. No unusual 
difficulties were encountered in obtaining the values of the intensities which are 
shown in Table 1. The overlapping of the vr, and », bands of CHF, is so great that 
it is quite impossible to make a graphical separation. 

The values given in Table | were obtained by extrapolation to p/ — 0 of the 
curves representing the apparent intensity B against p/, and not from the slope 
at the origin of the plot of B’(=Bpl) against p/. Determination of this slope by 
drawing the tangent at the origin is generally inaccurate, because of the de 
partures from Beer's law which occur, even when very high broadening pressures 
are used. If Beer's law were fulfilled the slope of the function B(pl) would be 


12) L. D. Kapiawn and D. F. Eocrrs Jr., J. Chem. Phys. 25, 876 (1956). 
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zero, and this, as we have previously seen, cannot strictly occur even though the 
rotational fine structure be totally eliminated. Even for dilute solutions, in which 
there is no rotational structure, the slope of the function B(p/) is small, but not 
zero 14}. 

Extrapolation by means of the slope at the origin of the plot of B’ against p/ 
has been used by a fair number of authors. In this plot, the scatter of points at 
low pressures is very slight, and consequently the curve looks satisfactory, giving 
the impression of better measurements and smaller errors in the extrapolation 


Table 1. Infra-red intensities and related quantities in CHF, and CHCl, 


Band Error a 
(em (em 


at n.t.p.) aq 


3035 { 470 
700 Vs A, 200 20 1-05 45-0 
CHF, 1377 v, E 1300 40 1-00 83-1 
5OT-5 ve E 69 4 1-04 21-5 
(1150) + 11,500 300 


59 
sO 
560 
3600 


than the actual ones. This is illusory, since the scatter of the vertical deviations 
of the points in the plot of B’ against p/ is due to the absolute error in B’, which is 
somewhat less for the points at low pressures, so that the curve in this zone looks 
very well drawn. In the plot of B against pl, the scatter of the vertical deviations 
is due to the same absolute errors in B’ but is now divided by pl, so that it will 
increase a fair amount as pil tends to zero. However, it is precisely this absolute 
error in B which is interesting to bear in mind, since it gives an idea of the error 
affecting the absolute value A, obtained by extrapolation. The plot of B’ against 
pl is useful to judge on the quality of the measurements as a whole since the curve 
which joins the points has to pass through the origin and must always have a 
positive curvature. Nevertheless, this plot must not be used to find the value of A, 
since the only thing one does thereby is to mask the scatter of measures. This is 
essentially equivalent to using a much smaller scale in the low pressures zone, 
thereby adding the error in the plot to that in the measurements. Furthermore, 
personal appreciation plays a fairly large part in the drawing of the tangent at the 
origin, as was already pointed out by CRawrorp and Eaaers [15]. 

Some authors use the plot of B against p/ to draw the mean curve and take from 


13) R. A. Russecy and H. W. THompson, Spectrochim. Acta 8, 138 (1956). 
14] H. W. THompson, R. W. NeepHAm and D. Jameson, Spectrochim. Acta 9, 208 (1957). 
15) D. F. Eocers and B. L. Crawrorp, J. Chem. Phys. 19, 1554 (1951). 


115 


0-4 1-00 8-0 
+ 3034 Vy A, 8 1-01 29-0 
15 681 Vo 20 1-0] 54-3 i 
959 CHCl, 1221 100 1-00 139 
769 
|| 


J. J. Herranz and J. FernAnpez Biarce 


there smoothened points with which to plot B against p/ in order to find the value 
of A by extrapolation. 

This procedure has all the disadvantages of the method of the tangent at the 
origin, and in spite of the good appearance of the plot of B against pl, with the 
smoothened points, the value of the absolute intensity may be affected with a large 
error, caused by the subjective drawing of the curve B’(pl) in the low pressure zone. 


Interpretation 
The absolute intensity A, of the ith fundamental vibration band is related [9, 16] 
to the rate of change of dipole moment with the ith normal co-ordinate by the 
expression 
(11) 
3c v, \0Q, 


which differs from the usual approximate expression by the correction factor #,/y,: 
v, being the pure vibrational transition frequency and #, the frequency of the centre 
of gravity of the band in the plot of x,/r against », i.e. 


. 


| x, dy 
(12)* 


(x v) dy | x, diny 


h 


When vr. is a degenerate frequency, expressions similar to (11) apply to each of 
the components of the degeneracy. From equation (12) follows directly 
A rT (13) 


whence 


(14) 


Ou : 


which is identical to the expression used by Crawrorp ef al.[8] and whose deriva- 
tion, announced in various papers, is still to be published. 

Equation (11) has been obtained with the sole restrictions of separability of the 
rotation and of the different normal vibrations, the mechanical and electrical 
harmonicity of the latter being presumed. Equation (14) being a consequence of 
the former would be at least equally valid under such conditions. 

Fortunately the correction factor 7,/y, in equation (11) is very close to unity in 
most cases, so that to ignore it, as has been done in previous publications, amounts 
to an error which is smaller than the experimental errors involved in intensity 


* For the intensity of a fundamental vibration band we easily get! 16 


hie \ RR 
rhe summation over the rotational levels R’ and R” had previously been carried out only for some simple 
molecular models [15, 17, 18}. It is possible to carry out this summation in a general way by introducing the 
mean frequency ¥, of equation (12), thus obtaining equation (11) which is therefore valid for any ty pe of 
molecule 
16) J. FernAnpez Biarce, J. Morcitio and J. Herranz, Anales real soc. expan. fis. y. chim. (Madrid) 
181 (1956 
17) B. L. CRawrorp and H. L. Dinsmore, J. Chem. Phys. 18, 983 (1950) 
18} P. N. Scuarz and D. F. Hornine, J. Chem. Phys. 21, 1516 (1953). 
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measurements. We have measured this correction factor for several bands of 
fluoroform and chloroform and found in all cases values very close to unity, as can 
be seen in Table 1. 
Bond moments and derivatives 
From the measured intensities listed in Table | it is possible to calculate the 
moduli, a,, of the vectors (0p/0Q,); the directions can be obtained from the 
properties of the corresponding symmetry group (C,,), only the sign being 
undetermined. We choose a reference frame OX Y Z fixed to the molecule in such 
a way that the relative velocity of its centre of gravity and the angular momentum 
of its relative motions vanish (the origin O is in the nucleus C, the OZ axis is along 
the C—H bond and the XOZ plane goes through one of the halogen nuclei). We 
then have: 
Ou, Ou, Ou, 
A, 
On, Ou, Ou, On, Ou, 
Qn On OQ in 
where the o,’s can have the values +1. Knowing the matrix L which transforms 
the normal co-ordinates into symmetry co-ordinates (§ = LQ), it is possible to 
obtain the vectors p, (Ou/OS,) for a given symmetry class if the values of a, and 


4.5.6) 


o, for this class are known. 
The values of the normal co-ordinate vectors, (L~'),. for fluoroform and the 
definitions of all the co-ordinates were taken directly from [19], and those for 
chloroform from [20], carrying out the necessary operations to make the units 
homegeneous with those of fluoroform. 
If the molecule undergoes an infinitesimal distortion, so that S, changes by 
AS, while the other symmetry co-ordinates remain unchanged, and if Aw,, Aw,, 
and Ayu, are the components of the change in the vector p, the derivatives 
Ou,/OS,, (g = x, y, z) cannot be directly equated to the ratios Ayw,/AS,. since the 
molecular distortions of class EF (which contain the two infra-red active molecular 
rotations) will in general have a non-vanishing angular momentum AQ. For the 
conservation of the total angular momentum of the molecule in such distortions a 
compensating rotation is required which affects the components of the dipolar 
momentum, thus resulting [11] finally: 
Ou, An, 
Os, AS, 
Ou, 
OS, 
Ou 

aS, AS, | An, 


Au, 


ia 


AQ, | 


where /,, is the moment of inertia perpendicular to the axis of symmetry. 
J. FerNANDeEZ Brarce, J. HERRANZ and J. Anales real soc. espan. fis. y. chim. (Madrid 


A 58, 235 (1957). 
(20) D. A. Lone and A. G. THomas, Proc. Roy Soc. A 223, 130 (1954) 
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The usual discussion of the values of Aw,/ AS, is not possible without measuring 
the intensities of all bands of each symmetry class. However, it seems interesting 
to interpret the results in terms of the bond moments and their derivatives, 
making the usual simplifying assumption that the dipolar moment of the molecule, 
whether or not distorted, is the vectorial sum of effective bond moments associated 
to each chemical bond, which lie along the direction of the bond, and whose moduli 
are linear functions only of the distance between the nuclei of this bond. With 
these assumptions it follows from equations (16), after some simple geometrical 
considerations: 


Pa" V3 cos 3N sen uy 


sen p . 7 gsenp. 


B 


6 \ 6 may 
3 3 I» 


x my x 
2 wy cos /2 d cos — . (d cos Chu 


2 2 
In these equations u = wy, + 3 cos fp. uy; wy and py are, respectively, the 
effective moments in the CH and CX bonds, defined to be positive in the sense 
(-H* and C-X*. D and d are the CH and CX bond distances; ey, Ouy/ OD, 


fy Oux/d, my, and my, are the masses of the H and X atoms; f is the angle 


HCX and «is <XCX; NV is one of the coefficients of the symmetry co-ordinated 
used [19], and ¢ is the third co-ordinate of the centre of gravity of the molecule. 


The results for fluoroform, putting the corresponding numerical values in 
equation (17) and using the matrix L, are: 


41-l2u, 0-OSen 11-68e, 
24°58 up + 4:57ey + 6-038, 
+ 14-434, + 12-332, 
21 “SU uy 33-50¢ 


Ogle 746 16-47 up + 
For chloroform: 
9.9 
Ofly 20-77 + 
Oy + + 3°308 
72-55 uy 375 


10-9045 + 19-184, + 33-242, 
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In the case of fluoroform we have five experimental data, a,, a,, a,, a, and 
a,* +- 2a,?, giving five equations for the four unknowns yy, up, ande,y. The signs 
01, F, 6, and o, can be chosen in sixteen different ways, most of them leading to 
systems which are clearly incompatible, while the others allow for a plausible fit. 
The best choice is represented by the combination (+ — + —) or its opposite 
(— + — +). This yields for the bond moments and their derivatives 


Muy — 0-15 D ey 0-3 D/A 


(20) 
fy =—28D = —45D/A 


or else the same values with the opposite sign, which seems unreasonable in view 
£ 
of the marked electronegativity of fluorine. 
The a,’s, calculated with the values of equation (20), are 


ay 71-6 ‘ 7° 
a, 84-9 5 213- 


This agrees reasonably well with the experimental data of Table 1. For the over 
lapping vy, and vy, bands we obtain a,” + 2a,? = 12-0 » 104in agreement with the 
experimental value 12-2 « 10%. Also, the calculated intensities for the », and », 
bands are in the ratio 3: 10, in agreement with experimental evidence that the 
v, band should be appreciably weaker than the v,. 

In the case of CHCI, we only have four experimental data. All of the sixteen 
different choices of sign can now give solutions which are compatible with the 
values of the intensities. Contrarily to the case of CHF,, these solutions do not 
differ very much from each other, so that none can be rejected as clearly inad 
missible. We notice that in every solution «,,; and ¢, have opposite sign, and 
&) is of the order of 5 D/A. 

In view of the values obtained by other authors for the bond moments and 
their derivatives in analogous molecules we have chosen the signs ( ). 
This gives 

My 0-6 D En 0-03 D/A 
(22) 


= 04D 4:2 D/A 


(or else the opposite signs). With these values the calculated intensities for the 
(unmeasured) bands », and v, are 42 10! and 18 10! at n.t.p. 
From here and from the measured values of the other intensities we estimate for 
the atomic polarization of CHC], the value 1-8 cm*® which seems acceptable in 
comparison with that of CHF, (2-5 em), considering the atomic polarizations of 
CCl,, CF,, CH,Cl and CH,F (1-22, 2-86, 0-20 and 0-38 em’, respectively). We 
notice that, practically, it is only e, which is affected by the sign of o, and that 
the chosen combination of signs yields the lowest value for ¢,,. The combinations 
(+ 4 ) or the opposite, yield values very similar to those of equation (22). 
The other combinations of signs lead to higher values for ¢,, and w,, as well 
as for the atomic polarization (~3-8 em?). 


40-4 j 
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Assuming, as a first approximation, that the values of wy, ac), ey and e, given 
in equations (20) and (22) can be transferred to similar molecules, we have 
calculated the a,’s for the bands of CF,Cl and CFC], measured in this laboratory [11]. 
The results give a plausible agreement with experiment, as can be seen in Table 2. 
On the contrary, with the values of ~,, and ¢, corresponding to the other 
combinations of signs, the agreement is much less satisfactory, the greatest 
discrepancies occurring when ¢,, and ey have opposite sign. 

Table 2. Experimental and calculated values of @/0Q, for CF,Cl and 


Observed 2s 1 7 158 164 


Calculated 256 : 297 38 140 210 


It is convenient to emphasize that the above results on polar properties of the 


bonds are based on the “bond moment hypothesis,’ whose validity has been 


largely questioned [21]. Obviously, this assumption can only constitute a first V 
aproximation and, still, its usefulness is dubious. It must be remembered that the 
different sources of error in the intensity determinations, as well as the use of 
inadequate potential functions, affect to a large extent the final results, thus 
making their interpretation rather uncertain, especially when they are small 
quantities, as the order of the probable absolute error is the same in all cases. In 
the present case there is a certain discrepancy between the observed values of 
the dipolar moments of the molecules under study and those estimated from the 
calculated values of wy, wp and gv; this amounts to a certain inconsistency in 
the method of calculation, which ignores this discrepancy. However, the remark- 
able agreement between observed and calculated values of the intensities of 
CF,Cl and CFCI, suggest that the bond moments and their derivatives are not 
entirely deprived of some physical meaning, though they do not have to be identical 
to the static bond moments. The fact that such quantities, similarly to the force 
constants, could be transferred to similar molecules, would have a considerable 
interest to predict the intensities of infra-red bands. The information presented in 
this work is of course insufficient to draw significant conclusions concerning this 
topic. In this connexion it would be interesting to be able to compare the 
calculated with the observed intensities of the », and », bands of CHCI,, and also 
to measure intensities in other fluorinated and chlorinated methanes. This is 
being done in our laboratory. Some preliminary calculations indicate that the 
values of the derivatives, ¢, are not so sensitive to structural modifications as the 
bond moments, similarly to the case of stretching and bending force constants, 
respectively. 


21! D. F. and D. ¢ McKean. J. Phys. Chem. 59, 1133 (1055) 
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Before extending the study of the problem of transferability of polar bond 


properties to cover a large series of halogenated methanes, it would seem wise, in 


view of the laborious computational task, to reconsider critically the “‘bond 
moment hypothesis” on which most of the work on infra-red intensities in single 
molecules is based. 

Acknowledqements—We are indebted to Farbwerke Hoechst A. G. (Frankfurt) for making 
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Abstract -The tape machine is a device to introduce the sample in powder form into the spark 
gap. The sample to be analysed is charged on to an adhesive tape which passes through the 
spark gap at such a speed that every single spark always hits new material. In this way the 
deviations in intensities obtained from the single sparks during the sparking time are randomly 
distributed and not systematically influenced by volatility, electrode temperature, etc., so that 
all the single sparks belong to the same statistical distribution. For this reason the tape machine 


gives a very high precision. 


Introduction 


A NECESSARY condition for any useful analytical method is precision, i.e. a good 


reproducibility for the same sample. This is for instance the case in X-ray 


fluorescence and this fact makes X-ray fluorescence very attractive. The total 
error in spectrochemical analysis is composed of contributions from many sources. 
To be able to study a particular error, the deviations in the reproducibility of the 
method must be significantly lower than the deviations due to this particular error. 
One drawback in conventional spectrochemica! methods is the lack of stationary 
conditions of the excitation which affects the precision unfavourably. In the 
non-destructing methods such as X-ray fluorescence the excitation conditions 
are stationary—the sample is always constant. In principle the same thing can be 
achieved in emission spectroscopy if the sample is currently renewed. This paper 
describes an attempt to do this. 


The tape method 


In the tape method the sample in powder form is continuously fed on to an 
adhesive tape which is passed through the spark gap at such a speed that every 
single spark always hits new material. The sparks pass through the tape and 
vaporize and excite the sample. 

Before discussing the details of the tape method, it is desirable to explain the 
principal differences between this and earlier methods. 

When a spark strikes a sample, material is vaporized; volatile elements and 
volatile compounds are vaporized more easily. Furthermore, chemical reactions 
occur at the high temperatures which are created at the point where the spark hits 
the sample. In addition, there occurs a certain general heating of the whole sample. 
All these factors mean that, when the next spark is striking the sample, the 
substance has changed its character and thus the vapour phase will change its 
composition and, accordingly, the spectral lines their intensities. The changes in 
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vapour pressure have also a secondary influence on the intensities of the spectral 
lines due to the changed conditions of self-absorption and altered excitation 
conditions. The result is that the spectral lines of the different elements change 
during the spark time in different ways depending on volatility and on chemical 
reactions. Fig. | shows schematically what may happen. 


i intens ity 


Fig. 1. Schematic curves showing 
intensity changes during spark time: 
(a) pellet method non-volatile 
element; (b) pellet method volatile 
element; (c) tape method. 


Spark ~ time 


To make an analysis as accurate as possible in these circumstances, it is 
necessary to reproduce the above curves of intensities vs. spark time from sample to 
sample. Such a reproduction is much simpler when the curves for all elements are 
of the same type, i.e. parallel with the abscissa in Fig. 1. In other words, the ideal 
condition would prevail if the contributions to line intensities from all sparks 
are equal. 

As a result of the above discussion, the principle of the new method becomes 
clear, i.e. that all sparks in each series must be equivalent. In practice this is 
achieved by supplying every single spark with new material, and by standardizing 
the conditions in the spark gap between successive sparks. In the tape method, 
as mentioned above, the powder is fed continuously on to an adhesive tape which 
is passed between two graphite electrodes. The sparks pass through the tape, 
vaporizing and exciting the sample. The tape moves at such a speed that each 
spark always hits new material. 

Owing to the way the powder is fed to the spark by the tape machine, the 
intensities of all spectral lines remain constant during the spark time, independent 
of the volatility of the elements, etc. The intensity as a function of the spark time 
is thus a line parallel with the abscissa in Fig. 1. The deviation in intensity 
obtained from the single sparks is randomly distributed and not systematically 
influenced by volatility, temperature, etc. 


The tape machine 
The tape machine consists of the following parts: 
(1) Tape magazine, including devices for folding and perforating ; 
(2) Pocket for charging sample, and device for removal of excess material ; 
(3) Two pins to guide the tape in the spark gap; 
(4) Wheels for pulling the tape. 
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To the above essential parts could be added a waste mill and a safety device 
(described later). 

When running the machine the adhesive tape is unwound from the stock roll 
and its edges are automatically folded in and bent double so that only the central 
section remains adhesive. The tape is passing underneath the vibrating pocket, 
where the material to be analysed is charged on to the adhesive central section 
of the tape. Leaving the pocket the tape enters the device for removal of excess 
material. Before and after the spark gap the tape passes two guiding pins. After 
the spark gap the tape is pulled by wheels down to a waste mill. The machine is 
schematically shown in Fig. 2. In Fig. 3 a tape device adapted on an ARL 


quantometer is shown. 


Fig. 2. The tape machine. A, stock roll; B, folding 

device; C, safety device; D, perforating device; FE, 

charging pocke t; F, pressure-suction unit; 4G, spark 
gap: H, air blast; K, pulling wheels; L, waste mill. 


Owing to the centreless steering of the tape roll, the tape is unwound with 
constant tension. Furthermore, the centreless steering makes it possible to use 
tape rolls which are deformed to some extent. 

Owing to the folding of the tape it is more easily handled for instance in the 
pulling wheels. In addition, the consumption of sample is reduced and a more 
definite location of the spark is obtained since, of course, the spark break-down 
occurs where the tape resistance is least, i.e. through the central part of the tape 
which is not bent double. A perforating wheel making marks on the back of the 
tape helps to give a still better definition. With two knobs (Fig. 3a) on the 
folding device the position and width of the central section can be adjusted. 

The pocket for charging material can be cleaned in its working position through 
suction. By a simple movement of hand the pocket can be removed and if necessary 
more carefully cleaned. In the pressure suction device for removal of excess 
material, compressed air is blown on to the tape as it passes. In that way a uniform 
and defined charging of material on the tape is obtained. A safety device breaks 
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the high voltage from the source and stops the tape pulling if the tape should 
occasionally break. The waste mill is of course not essential. It is a commercial 
type slightly modified. The wasted tape is continuously cut and washed away. 

The whole tape device, except the two small pin guides and the electrode 
holders, is mechanically free from the optical bench. This has been made to avoid 
any extra load on the optical bench and to avoid introducing any possible vibration 
to the spectrometer. At the same time the house covering the electrode stand has 
been made free from the optical bench. (This last thing is sometimes overlooked 
in the design of commercial direct readers.) 

The tape can be moved either perpendicular to the optical axes or in direction 
of the optical axes. From theoretical point of view it should be better to move 
the tape in the direction of the optical axes. Using both systems on different 
spectrometers we have, however, not vet observed any significant differences in 
the results obtained. 

When this development work started, it was very difficult to obtain a suitable 
tape. The tape should have a certain mechanical strength to stand the stress in 
the machine, be pure enough and be available in such continuous length that 
changes of stock rolls do not have to be made too often. The tape so far used 
has been made specially for us to our specifications (rolls 500 m). The tape rolls 
are stored in airtight conditions in order to keep their initial contents of moisture. 
Otherwise they may be greatly deformed owing to contraction or expansion 
of the tape. 


Conclusion 


This paper has described how the tape technique has got its practical solution. 


The tape machine is now a handy and stable device which can be adapted on any 
type of spectrograph. In our company we have now tape devices on two ARL 
Quantometers and one on a Zeiss Q 24 prism instrument and finally one on a 
homebuilt direct reader. 


The tape machine and the tape rolls will be commercially available through 
Messrs. Applied Research Laboratories Inc. 
The applications of the tape machine will be discussed in the following article. 


icknowledgement——The authors wish to thank the Management of the Boliden Mining Company 
for permission to publish this paper. 
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Applications using different kinds of isoformations 


A. DANIELSSON and G. SUNDKVIST 


The Research Laboratory of the Boliden Mining Company. Skelleftehamn, Sweden 
Received 10 November 1958) 


Different applications of the tay technique are reviewed with special regard to 


treatments of the samples. The object of the pretreatment is to reduce or remove 


m particle size, chemical and mineral composition, For this type of pretreatment 


rd introduced. 


Introduction 

SPECTROCHEMICAL analysis contains the following operations: 

(1) Pretreatment of the sample; 

(2) Excitation 

(3) Measuring 

Today the precision in the measurement of the intensities of spectral lines is 
far advanced. Direct reading spectrographs measure light intensities with a pre 
cision in the order of 0-1 per cent, which is quite sufficient taking into consideration 
other kinds of errors. What here could be expected in future is an increased line 
to background ratio, for instance by using time-resolved sparks. However, the 
main work today should be directed to the field of pretreatment of the sample and 
to excitation in order to increase the application of spectrochemical analysis and 


to improve the accuracy of analysis. Regarding excitation, the different para 


meters affecting the results (line intensities) in a complicated way should be 
brought under control. With the tape technique [1] stationary excitation conditions 
have been achieved resulting in a high precision which permits systematical studies 
of the remaining sources of error, which essentially come from the sample itself. 
These errors can be reduced or removed only by pretreatment of the sample. 


Isoformation 

The sources of errors from the samples come from variations in particle size. 
chemical and mineral composition. In any spectral analytical method the above 
parameters are affecting the results. A high precision of the analysis, i.e. a high 
reproducibility on the same sample, is of little or no use if there are big systematical 
errors between different samples. Therefore the pretreatment of the sample is an 
extremely important part of a spectrochemical procedure. The object of the 
pretreatment of samples is to transform the samples to belong to the same family 
of samples from spectral-analytical point of view. To underline the importance of 
the pretreatment of samples we would like to introduce the new word “isoform” 


[1] A. Dantecsson, F. Lu~porew and G. Scunpxvist, Spectrochim. Acta, this issue, p. 122 (1959) 
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as a conception for this type of pretreatment. This word is a new one, as far as 
the authors know. The words * 
used in this paper and in our further communications on the tape method. 


‘isoform,’ “isoforming”’ and “isoformation” will be 


Eva mople 8 of isoformations 


(1) Grinding ; 

2) Buffer plus grinding; 

(3) lon exchange plus grinding: 

(4) Evaporation to dryness plus grinding; 

(5) Precipitation plus grinding ; 

(6) Fusion plus grinding. 

The grinding of samples is, as can be seen above, an important operation in 
isoforming procedures. It can either be an independent procedure or part of other 


procedures. 


Grinding 

The particle size of the sample to be analysed with the tape technique influences 
the line intensities in two ways. The volatility of a certain element is a function 
of particle size of the compound concerned and furthermore the amount of material, 
which is charged on the tape, is dependent on the average fineness of the sample. 
Therefore, besides an effective grinding, which cancels initial differences in particle 
sizes between different samples, there is a need for a reproducible grinding. Further- 
more, as in some cases the internal standard and the buffer are introduced in 
connexion with the grinding, the mill should have a good capacity of mixing. 
Both from the point of view of contamination and from easy handling the mill 
should be easily cleaned. 

To sum up, the following demandsare put on the grinding equipment: effectivity, 
reproducibility, rapidity and facility to clean. Ball mills of the usual types are too 
slow and they are too difficult to clean. Mortars are not efficient enough and have 
a poor reproducibility. Jet mills, although very efficient, are not suitable for such 
small amounts of samples and, furthermore, the sample might separate in different 
components. The so-called ““‘Schwingmiihle” from Messrs. Siebtechnik in Miihlheim, 
Germany, corresponds best to our demands according to our present experience. 
Siebtechnik has made investigations on increasing the speed of the mill. We have 
made modifications of the mill house and the mill bodies, so that the grinding would 
be as uniform as possible from sample to sample. Furthermore, we have been 
investigating different materials for the house and bodies (especially for the ion 
exchange technique). Grinding equipment is shown in Fig. 1. 


Isoformation by grinding 

This type of isoformation is sufficient when there is no need to introduce a 
buffer and a reference element. One example from our experience is the analysis 
of wood samples for the contents of As, Zn, Cu, Cr (control of effectivity of wood 


preservation). In this case there is no need of a very high accuracy and it is 


therefore sufficient to run the samples for a constant time, basing the working 
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curves on absolute intensity values. The samples are milled in the equipment 


above mentioned for | min. 


lsoformation by grinding with buffe r 


Buffer. As in other spectrochemical procedures, the main object of the buffer is 


to dilute the samples in order to cancel initial differences in composition which 


otherwise would affect the excitation conditions. For convenience the buffer 


should contain the reference element. There are. of course. a lot of possible com 


positions of the buffer that could be used. It should be made of non-hygroscopic 


material and contain a small amount of synthetic washing powder. That powder 


facilitates the cleaning of the mill and affects the charging of the sample on the 


tape favourably. The following is given as an example of a composition used: 
6°, CdS, 90°, KCI, 4°, washing powder (Rexopon, akryl aryl sulphonate). The 
amount of sample to buffer is normally from one-fifth to one-tenth. 


Grinding. Besides being effective the mill must, of course, have a good capacit 


of mixing. The house and bodies should be made of as hard material as possible 


(for example, Cr steel). The effectivity of the vibration mill used is improved by 


increasing the speed of the mill, by introducing possible grinders (e.g. replacing 
KCI in the buffer by feldspar) and by diminishing the total amount of powder to 
be milled. 


Mixing. It is important that all the powder in the mill is moving around 


during the milling. Therefore the mill houses have been modified not to contain 


any space where powder could elude milling. Furthermore, a blade has been 
added to the two milling bodies. During the milling the blade rotates and aids in 
keeping the cover of the house clean. 


As already said the grinding with buffer isoforms the sample in respect of matrix 


and particle size. According to our experience varying matrix composition makes 


no problem. It is taken care of by a great dilution with buffer. To check whether 


the grinding really cancels initial differences in particle size of the samples, the 


following procedure could be followed. Besides the normal working curve another 


one is established using a more efficient milling or a longer milling. Both the 


procedures should give the same analytical result for the elements concerned 


within acceptable limits. Although the precision of this method is high (coefficient 


of variation in the order of | per cent) it is impossible to give a general statement 


of the accuracy that can be achieved, and it depends on how well the elements 


occur as defined compounds and to what extent particle size deviations have been 
cancelled. The latter depends on the hardness of the minerals. It is, of course. 
easier to get a good isoformation of soft minerals than of harder ones. The method 
is used in our company in routine analyses for Cu, Pb, Zn, Ag, Bi and As in the 
low range in different kinds of products from an ore-dressing plant. Furthermore 
it is used on geochemical samples such as soils and peats. 


lsoformation by ion exchange 

The isoformation by buffer and grinding leaves one parameter, the mineral 
composition, unaffected. The most efficient way of isoforming the samples is to 
dissolve them; then the samples have lost their identity. To be able to use the 
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Milling equipment: (a) mill for six houses; (b) mills for single house; 


(c) mill house and mill bodies. 


Fig. 2. Process scheme for two types of isoformations. 
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tape technique the solutions must be transformed to powders. That can be arranged 
by evaporation to dryness or by precipitation of the elements concerned. In 
special cases they can be useful methods, for instance dissolving alloys in HNO, 
and evaporation to dryness will in most cases give well defined powders of oxides. 
Although these methods have been used with some success, we have been looking for 
& more convenient way. The isoformation by ion exchange is a result of this effort. 

This method is based on dissolving the samples and treating the solution with 
ion exchangers. The cation exchanger is analysed as a powder with the tape 


device. 


WEIGHING OF SAMPLE 


DISSOLVING 
GRINDING OF | INTERN STANDARD 
SAMPLE AND BUFFER | | ADDED 
1ON~ EXCHANGERS 
ADDED 


1ON ~EXCHANGERS 


| SEPARATED 
7 [ DRYING 
7 
[ GRINDING 
L 


Fig. 3. Equipment for sieving and drying of the ion exchangers. 


A process scheme is given in Fig. 2. The right part concerns the isoformation 
by ion exchange. The solution is, in principle, separated in three components: 
cation exchanger, anion exchanger and deionized solution. On the cation exchanger 
we get the typical cations. As the cation and anion exchangers are chosen to have 
different particle size, they are easily separated by sieving. The separation and 


drying is made in specially designed equipment which makes it possible to treat 
twelve samples simultaneously (Fig. 3). The grinding is performed in the same 
type of equipment as mentioned above, using a mill which makes it possible to 


grind six samples simultaneously (Fig. 1). 

When dissolving the sample it is important to realize that the element to be 
analysed must appear as positive ions and not as negative or neutral complexes 
in the final solution. HCIO, is a suitable solvent, as it has less tendency to give 
complexes than other acids. (The operators should be properly instructed to avoid 


any risks of accidents.) 

At present we are using the following ion exchange resins: Dowex 50 (x-12) 
200-400 mesh and Amberlite IR 45 20-50 mesh. In choosing the above type of 
resins the following properties have been considered: capacity, strength, rapidity 
and thermal stability. For the anion exchanger the easiness of regeneration is 
furthermore an important property, as the anion exchangers are used over and 
over again. For each sample the amount of cation exchanger used corresponds to 
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a capacity of ~12 mEq. The buffer (K) takes 3 mEq and the internal standard 
(Cd) takes 2-5 mEq. Thus 6-5 mEq is left for the sample. 

In choosing the procedures for drying and milling of the cation exchangers it is 
necessary to take into consideration the fact that the cation exchanger, even when 
dry, behaves as an electrolyte. That means that if certain precautions are not 
taken there might be an exchange between certain ions of the resin and the material 
of the mill. This difficulty is overcome either by choosing suitable material for 


Table 1. Analyses of mixed sulphides containing varying small amounts of rocks. 

Except in the case of lead all the spectral values are single determinations. The 

lead values are the mean of two runs. Analytical lines: Cu 5218, Zn 3345, Pb 4057: 
internal standard line: Cd 4800. 


in 


Sample 


Spect. pect. 
no. ‘ 
Chem. Chem. 


» 


Run 1 fun 2 4 


Run | tun 2 


28-1 3- 3-04 2-94 

22-4 2: 2-54 2-47 

14-0) -68 

8-49 2 ‘18 
13-6 9-5: 9-42 24-65 VOlLe 
17-45 11-91 ‘$2 34 3-4 
20-0 13-22 3-08 4)? 195° 


21° 13-81 76 3-83 
22-6 14-20 53 

10 17-90 ‘83 

14 20-17 20-2 30 

16-65 21-42 21-4: 21-32 

17-7! 22-07 

lls 26-12 26- 26-2 85 10-85 
16-2 5-54 ¢ 5: 13-06 13-25 
6-01 5- 6-64 6°75 
19-7! 6-24 3-43 3-50 
11-33 4-15 15-59 

4-93 4-96 4- 4-89 4-97 
5-08 5-15 2-76 2.78 
14-28 14-36 5-17 5-08 
11-90 14-47 14-57 . 2-49 2-47 


the mill, indifferent or noble enough in relation to the most noble element to be 
analysed for, or by making the metal ions in the exchanger act as less noble. 
A mill from Cr(13) steel can be used if the excess hydrogen ions are neutralized. 
This has been done by a certain procedure of drying, using alcohol and alcohol 
with dissolved NH,. However, the most convenient way is to choose suitable 
material for the mill. Houses and bodies from Avesta 739 S steel are the best 


compromise between hardness and nobility according to our present experience. 


The object of the milling in this case is to get a powder fine enough, which charges 
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» 35 99.23 

— 

= 3 14-05 13-95 

8-47 8-50 
3 5 13-40 13-25 
6 17-83 17-3 

7 20-27 19-5 
21-37 21-0 22-7 
22-26 22-3 23-1 

lw 10-14 1O-10 16-8 

ae 

11 14°35 14-45 Is-6 

12 16-67 16-75 19-6 

13 17-90 17-95 20-] 

14 11-30 11-25 16-4 

15 16-31 16-20 25-2 

16 18-68 26-0 
17 19-87 19-90 27-7 

Is 11-17 11-10 27-9 

19 13-74 13-70 29-7 

20 15-1200 1535 30-7 
Pe 21 15-92 16-20 31-3 
22 11-03 11-25 26-7 
ee 23 12-02 12-05 27-4 

| 


15 


959 


The tape machine—II 


well on the tape. Compared with milling of minerals there is less demand for 
effectivity of the mill, and as the sample is uniform there is no need for mixing. 
The buffer and the internal standard are introduced to the dissolved samples 
from automatic pipettes (Dekter, Messrs. Rudolph Grave, Stockholm). 
In Tables 1-2 some results obtained are presented. The following conditions 
have been used. Spectrograph: ARL Quantometer with tape device; Source: 
ARL High Precision Source Unit modified to give 50 sparks/sec; exposure time: 


sec. 

The samples in Table | are made by mixing weighed proportions of seven basic 
samples. The contents of Zn, Cu and Pb of those samples have been determined 
by careful chemical analysis. 

Owing to the range of measuring scale in use, the lower parts of the concen- 
tration values could not be measured accurately enough. Therefore the deviation 
of zinc at the low range is not representative of what can be achieved. Furthermore, 
there is a slight contribution from background which can be adjusted for. All 
reported values concern single samples and are single runs except for the lead 


values which are the mean of two runs. 

When judging the precision (deviation between runs) it should be kept in mind 
that no double runs have been made close to each other. All samples were run 
once and afterwards a duplicate was carried out. Thus the precision covers even 
possible errors due to any drift of the excitation and the recording. 

Within the range of the above sample no systematic error due to variations in 


composition (matrix effect) can be traced. 

In this case (Table 2) the samples are made by a mixture of weighed proportions 
of zine sulphide, rock and pyrite. As seen there is no significant influence from 
the extreme variation in composition on the results obtained. 

At the Boliden Mining Company this method is used for analysis of Cu, Zn, Pb, 
Fe in ores, concentrates, tailings and different products from the smelter. 

Besides, for the above-mentioned samples in solid powder form and for samples 
as scraps, alloys, etc., the method can naturally be used for samples which originally 
are solutions. The method is of course limited to such elements which can form 
cations. The most important of those elements are Li, Na, K, Rb, Cs, Cu. Ag, Be, 
Mg, Ca, Sr, Ba, Zn, Cd, (Al,) Pb, Bi, Cr, Mn, Fe, Co and Ni. 

The merits of the ion exchange tape technique could be summed up as follows: 

(1) Independent on chemical and physical properties of the sample. 

(2) An extremely high precision owing to the ‘atomic’ mixture of elements to 

be analysed, buffer and internal standard. 

(3) Independent on chemically analysed reference samples, as standards can be 


conveniently prepared from synthetic solutions. 

(4) The whole procedure is the same for many different elements in different 
ranges and in different materials. This makes the whole system simple and 
easily learned by unskilled operators. As all the steps are very standardized 


they are also very fit for automation. 


lsoformation by fusion plus grinding 
The analysis of copper- and lead-making slags is one example of that procedure. 
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For several years we have been running our slag analysis spectrochemically, at 
first with a pellet method [2] and for two years with the tape technique. Until 
recently the analysis has been performed on a Q 24 Zeiss Prism Spectrograph and 
most of our results so far obtained are therefore limited in the photographic 
and photometric procedures. We have recently changed to a direct reader. 

The following components of various types of slags are determined in routine: 
SiO, (15-40 per cent), CaO (2-40 per cent), Al,O, (1-10 per cent), FeO (10-25 per 
cent), Pb (03-10 per cent), ZnO (2-20 per cent). Cu (0-1-1-0 per cent). 


Table 2. Zine in samples with varying matrix 

composition. Single spectral determinations; 

analytical line: Zn, 3345; internal standard 
line: Cd, 4800 


Zn Matrix 


% Rock FeS, 


2: 
2! 


93 
26-61 
20-51 


20-33 


The precision measured as coefficient of variation in a single determination is 
about | per cent or better. As no significant variations have been observed between 
repeated isoformations (fusions and millings) and as the standard samples have 
been very carefully established, we have reasons to believe that the accuracy is 
almost the same as the precision. It could be mentioned that the analyses of the 
standard samples for the following elements Cu, Pb, Zn, Ca, Mg, Al and Fe have 
been checked by ion exchange isoformation. 

A complete slag analysis can be performed in less than 10 min with our routine 
method 

Conclusions 

This article should be looked upon as an introduction to different types of 

isoformations for the tape technique. Owing to lack of space it has not been 


2) N. LOUNAMAA, S pectroe him. Acta 4 358 (1956). 
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possible to do more than to review our gathered experience of ion exchange 
isoformation, which will be more fundamentally described elsewhere [3]. Further- 
more, detailed analytical schemes of different applications of the tape technique 
will be published, covering ores, concentrates, tailings, slags, alloys, etc. 
Although spectrochemical analysis has been used in our company for 25 years, 


covering a big variety of samples, the tape technique has changed the situation. 
The tape method has become the basis for new analytical systems. With this 
method we have no trouble in precision and therefore the efforts can be devoted 
to get the samples in suitable powder form. Here enters the conception of isofor- 


mation. When approaching a new analytical problem the following question arises: 
‘How to isoform?”’ The isoformation could be either physical and/or chemical in 
its nature. It always means transforming the sample to make it belong to a certain 
family of samples, which is uniform from spectrochemical point of view. 


Acknowledgement—The authors wish to thank the Management of the Boliden Mining Company 
for permission to publish this paper. 


[3] G. Sunpkvist, Work for the Degree of Filosofie Licentiat, University of Stockholm. To be published 
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Notes on useful corrections in spectrochemical analysis with the tape technique 


A. and G. SUNDKVIST 


The Research Laboratory of the Boliden Mining Company, Skelleftehamn, Sweden 
(Received 10 November 1958) 


Abstract Useful corrections in connexion with the tape technique are described, They concern 
influence from background and self-absorption. 


Introduction 

IN the previous articles [1,2] it has been emphasized that the tape technique gives 
a high precision and that the tape technique combined with isoformations, which 
cancel varying properties of the sample, gives a high accuracy. This high accuracy 
constitutes the base for achieving a still higher accuracy. The tape method is, 
of course, not independent of variations in background and self-absorption. But 
the tape method applied on isoformed samples gives possibilities to establish 
significant correlations on which corrections are based. 


Background corrections 
From the point of view of corrections, the background can be assumed to be of 
two types, uniform or specific. 


The uniform background 


The uniform background is defined as the kind of background that varies in a 
uniform way at the different wavelength of interest. Variation in this type of 
background is mainly caused by variations in exposure time. A longer exposure 
time than normal will result in a comparatively high background and vice versa. 
There is a correlation between background and exposure time or total number of 
sparks. A precision clock or a device counting sparks might be used to record the 
fluctuations in the background. We have, however, preferred to measure the 
actual background at a certain wavelength, free from element lines and free from 
specific influence from any component of the sample. The “background line’ 4116 
is the parameter which has been correlated to the backgrounds at the wavelength 
of the lines of interest. The correlation has been established in the following way. 

A so-called “‘zero sample” has been prepared. The zero samples are pure in 
respect of the elements the spectral line background of which shall be studied. In 
case of ion exchange isoformation the zero sample consists of cation exchanger 
containing only the buffer element. At isoformation by fusion, for example of 


1} A. Dantecsson, F. LUNDGREN and G. SUNDKVIST, Spectrochim. Acta, this issue, p. 122 (1959) 
2) A. DANIELSSON and G. SunDKvist, Spectrochim. Acta, this issue, p. 126 (1959) 
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slags, the sample is replaced by buffer. The zero sample is run in the tape machine 
at various pressures of the pressure suction device. In this way variation of the 


thickness of the sample on the tape is easily obtained, and accordingly varying 


exposure times. The measured intensity value of the background line is correlated 
to those of other wavelengths. A linear relationship is obtained which is then used 
for background corrections of the intensity of the spectral lines concerned. It 
should be mentioned that the background correlations are very conveniently 
performed as only one zero sample of each kind of isoformation is required and as 
demanded variations are easily obtained by the pressure suction device. If nothing 
is changed in the whole spectrochemical procedure the correlation once established 
is always used and has not to be re-examined. 


Specific background 


This background is specifically due to some elements or compounds of the 
sample. The influence from more or less interfering lines is included in that 
background. The occurrence of a specific background is determined from the 
running of zero samples to which have been added different elements which might 
appear in actual samples. In that way it has for instance been shown that calcium 
has a significant influence on the background at Zn, 3345. This type of background 
is adjusted for, using as parameter the intensity of a line of the disturbing element. 


Self-absorption correction 

The classical way of reducing the influence of self-absorption on a certain line 
is to diminish the contents of the element concerned in the spark. This can be 
achieved either by dilution of the sample or by an air blast in the spark gap. There 
is, however, no way to eliminate the self-absorption of a spectral line completely. 
Furthermore, in practical work it is not always possible to choose the best condition 
for a certain line. This might unfavourably affect other lines. From the above it is 
obvious that a possible correction for self-absorption should be very useful many 
times. It is a question of finding a parameter that describes the degree of self 
absorption of the spark. 

We have chosen the quotient between the intensity of a self-absorption line 
and the intensity of a line (internal standard line) with negligible self-absorption, 
both lines belonging to the internal standard element. From a practical point of 
view it is necessary to use lines from an element of constant contents in all samples. 
In the cases for instance when we use cadmium as internal standard the quotient 
(Cd, 2288)/(Cd, 4800) is chosen as self-absorption parameter. The following 
example (the line Cu, 3274) might show how the correlation is established. 

A sample with known contents of copper is run in the tape machine, with various 
pressure of the air blast in the spark gap. In that way various conditions of self 
absorption are obtained for this sample with a certain defined copper content. The 
measured intensity quotient of (Cu, 3274)/(Cd, 4800) is plotted as function of 
(Cd, 2288)/(Cd, 4800). Repeating this for several copper contents within the range 
of interest a family of curves is obtained. These preliminary curves are then 
easily transformed to a family of working curves corresponding to different values 
of the absorption parameter. 
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In Table | some results are reported. The figures in Table | have been obtained 
by analysis (ion exchange-tape technique) of synthetic samples. 
The percentages given in the Table 2 are the corresponding contents of a solid 


powder sample and not the actual concentration of the solutions used. Eight 


preparations have been made of each sample and two runs on each preparation. 
That gives for each analysis sixteen single determinations. The standard deviations 
and coefficients of variation concern single determinations. Owing to the correc 
tions higher accuracies have been obtained for the elements Zn, Pb and Cu at 


Table 1 


Uncorrected Corrected 
Ty pe of 
Stand. Coeff. of Stand, Coeff. of — correction 
deviation Variation deviation variation 


Element Line 


2138 0-0035 0-0025 
3345 0-030 00-0055 
2138 5 0-024 O-OL0 
3345 0-035 O-O13 
3345 0-052 2-6 0-O14 
3345 : 0-055 “§ 0-053 
722 O-35 6 0-33 
4057 O-OL25 00-0060 
4057 2 0-030 f 
4057 2 2- oll 
2663 ool O75 
rOO19 
0-0068 00-0054 
O28 . old 
068 ( 0-059 
17 0-21 
31 O15 
4260 "6 2. ()-22 
$260 21 . 0-29 
4260 46 “4! 1-0 0-50 


background correction; S self absorption correction; X special non-classified correction 


various wavelengths and at different concentrations. The deviations at zero 
contents are a measure of sensitivity. The relatively high deviation at the lead 
content of 60 per cent shows that the self-absorption is too high to be accurately 
corrected for. If half the amount of the sample has been used this drawback has 
obviously been avoided. In the case of Fe the corrections have not had any 
significant effect. The explanation is probably that the grinding in steel mills 
contributes essentially to the deviations (contamination). 

In the same way as the tape technique has founded a consequent thinking in 
isoformations. the tape method and the isoformations together have made a 
thinking in corrections useful. If a certain analytical line shows an unexpected 
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spread, it should be asked if a correction could be introduced. It might perhaps 
not be possible to clear up the cause but nevertheless a useful correction might be 
obtained. This will be shown with an example. With the ion exchange tape 
technique an unusual deviation of the line Pb, 4057 was obtained at a lead content 
of the order of magnitude of 10 per cent. It occurred that too high intensity values 
of Pb, 4057 corresponded to low values of the background line. A systematical 


Table 2 


Pb 
o 


Sample 


58-00 2-00 0-50 0-00 
12-00 60-00 0-00 10-00 
2-00 12-00 22-00 20-00 
0-50 0-00 2-00 46-00 
0-00 30-00 8-00 30-00 


investigation showed that a significant correlation could be established as a basis 
for correction (X in Table 1). In that way the error of the analysis was reduced by 
a factor of two. 

The corrections described in this article are used as a routine in the spectro 
chemical work controlling an ore-dressing plant. In this extensive analytical 
programme covering ranges from 0-1-60 per cent of several elements in varying 
material the corrections have been shown to contribute essentially to the accuracy 
of the analytical values obtained. 


Acknowledgement-—The authors wish to thank the Management of the Boliden Mining Company 
for permission to publish this paper. 
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The plasma jet as a spectroscopic source 


M. Marcosues and B. F. Scrrpner 

q National Bureau of Standards, Washington 25, D.C. 

. (Received 2 September 1958) 

Abstract—The plasma jet utilizes electromagnetic and thermal pinch effects to form an are 
3 plasma into a flame-like cone of high energy. The plasma produced in the discharge chamber 

. is constricted and carried through a circular opening in the cathode by a stream of fluid such as 


helium, resulting in a jet of hot partially ionized gas. For application as a spectroscopic excita- 


tion source, a plasma jet was designed to operate with moderate currents (15-20 A) from a 
conventional d.c. are power supply and to include an atomizer to spray a solution through the 
anode into the discharge. The source excites spark-like spectra, indicating a high excitation 


temperature. Applied to the spectrographic analysis of stainless steel for iron, chromium and 
nickel, the results exhibited a coefficient of variation of about 2 per cent, including the photo- 
metric error. The plasma jet offers promise as a reproducible means of high energy excitation 
of solutions and of liquids in general. 


Introduction 


THE spectrochemical analysis of solutions with flame sources has given results of 


high precision, but these realtively cool sources are subject to several types of 
interference and do not provide adequate sensitivity for a number of elements. 
Various methods are available for introducing solutions into a spark discharge, 
the most widely used being the rotating disk and porous cup electrodes. A satis- 
factory method of introducing a solution into a d.c. are discharge has not been 
available to the spectroscopist. The source described here, comprising a means of 
introducing a solution directly into a high-temperature are discharge, appears to 
have good precision and is capable of exciting those elements that cannot be 
determined with flames. 


BrRINKMAN [1] has shown that the temperature of the core of a d.c. are between 


graphite electrodes is not a sensitive function of the current, rising only a few 
hundred degrees centigrade as the current is increased from | to 10 A. AppINK [2] 
and SEMENOVA [3}| have found a somewhat greater dependence of temperature on 
current when metal vapors are present in the arc, but even here the effect of 
increasing the current is relatively small. The diameter of the core of the free- 


burning arc increases at higher amperage, so that the current density, or energy 
available per unit volume of the are plasma, remains relatively constant. Tem- 
peratures greater than the 6000° to 7000°K of the d.c. are can be reached by 
limiting the are diameter, thus increasing the current density. This may be done 
with the device of Gerpien and Lorz!4!, which constrains the are within a narrow 
tube of flowing water or other fluid, anomalously called the coolant. Because of 


the so-called thermal pinch the diameter of the are core is fixed by the diameter 


H. Brinkman, Dissertation, Utrecht (1937 
2) N. W. H. Appink, Spectrochim. Acta 1], 168 (1957 

3) O. P. Semenova, Doklady Akad. Nauk SSSR §1, 683 (1946 
4) H. Gerpren and A. Lorz, Z. tech. Physik 4, 157 (1923 
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of the tube of coolant and not by the current. Current can be carried by a gas 
only when it is hot and ionized, so that keeping the area surrounding the are cool 
causes the current flow to remain within a limited region. In addition, particularly 
at higher currents, there is an electromagnetic pinch in which the are diameter is 
limited further by the magnetic field established by the are current. A device 
based on these principles has been used by BuRHORN ef al. [5| to reach temperatures 
as high as 50,000°K with currents as large as 1500 A. These temperatures may be 
maintained indefinitely and are perhaps the highest that have been reached in the 
laboratory for any sustained period of time. 

GERDIEN and Lotz [4] attempted to obtain spectra of metals with their device. 
The flow of coolant away from the constrained portion of the are prevents vapors 
from the electrodes from reaching this hot region. Lorz [6] showed that salts 
dissolved in the cooling water are carried off by the portion of the coolant that 
does not evaporate, and thus do not enter the are. Spectra of metals can be 
obtained [4] by inserting a wire through a hole in the side of the control unit, but 
this distorts the are and soon damages the device. 

The plasma jet, originally described by Weiss [7] and Perers [8] and more 
recently by GIANNINI [9], is a modification of the device of Gerpren and Lorz. 
One end of the chamber is sealed and contains the anode. The other end is the 
cathode, and it is also closed except for a small central opening. The coolant is 
introduced tangentially through the wall of the chamber. When this device is 
operating, the are plasma emerges through the cathode opening in a flame-like 
form, hence the name “‘plasma jet’. The temperature of the plasma is highest at 
the cathode, where the are is most constricted, and decreases as the hot gas 
expands and radiates energy. The maximum temperature is determined by the 
diameter of the cathode opening and the are current, and may also depend on the 
coolant used and its flow rate. Wertss{7| reached a temperature of 41,000°K with 
a water cooled plasma jet operated at 1400 A and a cathode opening of 4 mm. 

The flame-like appearance of the discharge in the plasma jet suggested to us 
its application to the spectrographic analysis of solutions. The use of solutions in 
spectrochemistry has several advantages as compared to solid samples. Some of 
these are the ease of preparation of standards, the possibility of doing preliminary 


concentrations, dilutions, separations or additions (including addition of an 
internal standard), elimination of sample form as a source of error and the fact 
that many samples are already fluids (process streams, plating baths, petroleum 
products, etc). Perhaps the most important reason for preferring solutions to 
solids is the possibility of introducing the sample in a controlled and reproducible 


manner. 

In designing a plasma jet for use as a spectroscopic source several important 
considerations were kept in mind. The sample should be a solution, preferably in 
the form of a fine spray so that vaporization will be rapid and complete. The 
device should operate at moderate currents that can be obtained from a standard 

BurnorN, H. Marcker and T. Perers, Z. Physik 181, 28 (1951.) 

A. Lorz, Z. tech. Physik 15, 187 (1934). 

. Werss, Z. Physik 188, 170 (1954). 


. Perers, Naturwissenschaften 41, 571 (1954). 
. M. Grannrnt, Se?. American 197, No. 2, 80 (1957). 
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d.c. are power supply. The coolant should be a gas because the use of water 


would present a problem in disposal of the excess. An inert gas is preferred to 
improve electrode life and to reduce band spectra. The “flame” need not be very 


large, nor are excessively high temperatures desirable. since very high temperatures 


will produce complex spectra of highly ionized atoms and may actually reduce the 
sensitivity of detection. Finally, there must be no carry-over of material from one 


sample to the next. The source described below has generally met these 


requirements. 


Fig. 1. Schematic drawing of the plasina jet 
as modified for a spectroscopic source 


Description of the source 
Fig. | is a schematic sketch of the plasma jet with construction details omitted 
for clarity. A concentric atomizer. operated with argon, is held within a water 


rig. 2. Detailed dr wing of the plasma jet as modified for a spectroscopic source 1, atom 

anods ( D, chamber holding atomizer and anode; E, cathode 

holder hard rubber insulator ‘7, set screws for positioning capillary ; atomizer 

top; J, argon inlet J. plasti crew holding capillary: K. « apillary tube: L. helium inlet: 
ithocde |} der ; \. water connections: ©). set rews;: P, outer Case 


cooled chamber and is protected by a graphite cap which serves as the anode. 


The cathode is a graphite disk with a central opening, and it is held by a water 


cooled brass ring. Helium as the coolant is introduced tangentially through the 
hard rubber case 


Fig. 2 is a more detailed drawing of the device. To keep the are from striking 
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The plasma jet asa spectroscopic source 


to the atomizer, the metal capillary (A) and the atomizer tip (/) are electrically 
insulated. The brass tip is held in a hard rubber collar (fF) by three small set 
screws ((/) which are also used to center the capillary. The screw heads are recessed 
and coated with rubber cement to prevent electrical contact with the water- 
cooled chamber ()). The 20-gage stainless steel hypodermic needle used as the 
capillary is held at the bottom by a plastic screw (J). The atomizer tip has a 


1-1 mm opening, slightly larger than the diameter of the capillary. This annular 
opening is kept small to give a fine spray that will not spread too much after leav- 
ing the atomizer. The lower portion of the atomizer (A) is threaded to permit 


vertical adjustment of its position. 
The anode (2) and cathode (C) are made from graphite-disk electrodes with a 


diameter of 12-7 mm and a thickness of 5-1 mm. The anode has a 3 mm opening 


for the spray to pass through, and the diameter of the cathode opening is 5-5 mm. 
The top of the cathode is recessed by about 1 mm to keep a bright contact spot out 


of the optical path of the spectrograph (see ‘characteristics of the discharge’’). 


The holders for both electrodes are machined to a snug fit for the disks, no clamp- 
ing device being used for the electrodes. Helium is introduced through a tube (L) 
which fits into a 3-6 mm hole drilled tangential to the inner wall of the hard 
rubber case (P?). The water-cooled chamber holding the anode and the atomizer 
is fastened in the hard rubber case (P) by three set screws (QO). Three small brass 
clamps (./) fasten the cathode holder (2) on top of the case. Electrical connection 
is made by attaching battery clips to the water inlets (.V). 


Operating conditions 


There are several variables to be considered in establishing the operating 


conditions of the plasma jet. So far the operating conditions have been chosen 


rather arbitrarily. 
Currents of from 10 to 25 A have been used with this plasma jet. At the lower 


currents the ‘‘flame’’ may be somewhat unstable, particularly since the water 
being introduced tends to extinguish the are. Very large currents may increase the 


temperature at the atomizer tip, possibly causing some deterioration. Currents of 
from 15 to 20 A have been found to be satisfactory. The are is ignited by a momen- 


tary spark discharge from a circuit incorporated in the d.c. power supply 


(Jarrell-Ash Varisource). 
Helium is employed as the coolant because it is the least expensive of the 


inert gases, though other gases may also be suitable. A positive helium pressure 


of 130mm of mercury has given satisfactory results and has been used at all 


times. The atomizer is operated with argon because a very light gas such as 


helium will not produce a sufficient pressure drop at the atomizer tip. The argon 


pressure is chosen to give a solution flow rate of about 4 to 1 ml/min. This par- 


ticular atomizer did not perform well at very much smaller solution flow rates. 
and flows in excess of 2 to 3 ml/min (depending on the current) tend to extinguish 


the discharge. 
The effect of varying the diameter of the cathode opening has not been exten 
sively investigated. It is expected that the temperature and control of the dis 


charge will depend on the cathode opening, so that a smal! diameter is preferable. 
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On the other hand, if the spray does not pass through the cathode without touch- 
ing the walls, salts will deposit on this electrode. A cathode opening of 5-5 mm 
was chosen as a compromise. The distance between the electrodes is another 
potentially important variable. A very small spacing was found to cause extremely 
unstable operation, but the distance cannot be made too large or the spray will 
not clear the cathode. A spacing of about 3 mm between the bottom of the cathode 


and the top of the anode has proved to be satisfactory. 


Characteristics of the discharge 


The plasma jet described here produces a “flame” approximately 1 em high 


and roughly conical in shape. The plasma has an intensely bright blue color when 
no sample is introduced, but takes on a red tint due to the hydrogen spectrum 
when water is atomized into the discharge. The are contacts the cathode by a 
streamer from the jet “flame” to the top of this electrode, an extremely bright 
spot marking the contact point. The contact point moves about the top of the 
cathode, generally staying near the central opening. Since the streamer is an 
electric current with a resulting magnetic field, it influences the partially ionized 
plasma and the “flame” also moves as the streamer wanders over the surface of 
the cathode. Some attempts have been made to control the motion of this 
streamer, but so far without complete success. 

A minor disadvantage of the source is a high-pitched sound resulting from the 
ejection of hot gases into the atmosphere. The noise level of the source is comparable 
to that of a spark discharge. 

Appearance of the spectra 

Spectra were observed perpendicular to the vertical axis of the “flame”. If 
spectra are photographed ‘‘end-on”’ to the discharge, the background is increased 
considerably relative to the line intensities. When no sample is introduced, the 
spectrum shows the lines of helium and argon, as well as CN bands. (Nitrogen 
from the air may reach the discharge or may be present as an impurity in the 
helium.) When water is sprayed into the discharge, the hydrogen spectrum and 
OH and NH bands appear. The hydrogen Balmer lines are broadened by the 
Stark effect due to the field established by the ions and electrons in the plasma. 
Since the ionization of the plasma is related to its temperature, measurement of 
the broadening of these lines is a method of determining the temperature of this |7| 
and other discharges. A stigmatic spectrum of the source (Fig. 3) shows that 
maximum broadening is at the cathode, the width decreasing as the gas cools on 
moving away from this electrode. Fortunately, the lines of other elements are 
much less sensitive to Stark effect broadening and remain quite sharp. 

All metals that have been introduced into the plasma jet have given spark- 
like spectra with many ion lines, indicative of a high temperature in the “flame” 
These elements include iron, nickel, chromium, vanadium, copper, cadmium, 
calcium, cobalt, magnesium, manganese and zinc. Fig. 4 shows a typical spectrum. 


Application to spectrographic analysis 


Although considerable work must still be done to improve the plasma jet as a 
spectroscopic source and to investigate its properties, an analytical method has 


142 


‘ys 
4 


Fig. 3. A portion ofa spectrum of the plasma jet, with water sprayed into the discharge. 

The source was focused on the slit of a stigmatic spectrograph. The line H 4340-47 A 

appears broadened near the cathode, narrowing as the discharge cools moving upward 

The other lines appearing in the spectrum are mostly of argon. An iron arc spectrum 
appears below, the lines being Fe 4325-765, 4337-049 and 435 


9.7287 


Fig. 4. A portion of a spectrum of the plasma jet from 2860 to 3080 A. The sainple intro- 
duced was a solution of stainless steel with vanadium added. 


An iron are spectrum 
appears at the bottom. 
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The plasma jet as a spectroscopic source 


been devised as a test of its usefulness. The problem studied was the determina- 
tion of iron, chromium and nickel in stainless steel. 


Reagents 


Acid mixture {10|. Add 25 ml of concentrated hydrochloric acid to 60 ml of 
distilled water, cool and carefully add 15 ml of concentrated sulfuric acid. 

Iron, chromiums, nickel standards. Dissolve 1 g of each metal in 20 ml portions 
of the acid mixture, heating until the metal dissolves completely. Cool and dilute 
each to 100 ml. 

Vanadium stock solution. Dissolve 24-73 g of oxalic acid dihydrate in about 
80 ml of warm distilled water and slowly add 11-48 g of ammonium metavanadate. 
When gas evolution stops, cool and dilute to 100 ml. 

Potassium bisulfate solution. Dissolve 6-0 g of potassium bisulfate in 100 ml of 
distilled water. 


Preparation of samples and standards 

A 1 g sample of stainless steel chips was dissolved in 20 ml of the acid mixture, 
heating until gas evolution stopped. The insoluble residue was removed by 
filtration, the filter paper ignited and the residue treated with a few drops of 
sulfuric acid and | ml of hydrofluoric acid and heated to dryness. The residue 
from this step was dissolved in 1 g of molten potassium bisulfate, the flux cooled 
and taken up in water. This solution was added to the acid filtrate and the total 
volume made up to 100 ml. Portions of 6 ml of this solution and 1 ml of the 
vanadium stock solution- were mixed and made up to 25ml. The vanadium 
served as the internal standard. 

Standards were prepared by mixing appropriate portions of the iron, nickel! 
and chromium solutions to which were added 1 ml of the vanadium stock solution 
and 1 ml of the potassium bisulfate solution. The total volume of each standard 
solution was adjusted to 25 ml. 

Analysis of the samples. The solutions were atomized into the plasma jet, 
which was operated at 20 A. A 10 sec preburn and a 30 see exposure were used 
with a solution flow rate of | ml/min. A quartz lens at the 30 y slit focused the 
light from the portion of the source just above the cathode on the 15,000 line/in. 
grating of a 21 ft Wadsworth spectrograph. A 1: 2 step sector and Eastman 
Kodak SA-1 plates were employed. Three standards in duplicate and samples in 
triplicate were run on each plate. A new cathode was used for each exposure. 
The plates were developed for 3 min in Eastman Kodak D-19 developer, fixed for 
1 min and calibrated by the two step method. No background correction was 


made, since the background transmission was about 90 per cent in the dark step 
and was fairly uniform for all exposures. 

Results. Fig. 5 shows a typical set of analytical curves. Since the samples were 
similar in composition, these curves were made to cover only a relatively small 
range of concentrations. lon lines were measured for iron and chromium and 
atom lines for nickel. Table 1 lists the results of six successive determinations 


(10) O. I. Mriwer, Ind. Eng. Chem.. Ana’. Ed. 17, 94 (1946). 
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ppm Cr 
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Cr2979.7 
v2948 


Intensity Ratio 


& Ni 3050 8 


v 3056.3 


280 1200 1600 
ppm Ni ppm Fe 
Fig. 5. Analytical curves for the determination of iron, chromium and nickel in stainless 
steel. The concentrations of the elements in the solutions are plotted against the intensity 
ratios. Each solution contained 2000 p.p.m. of vanadium as the internal standard. 


Table 1. Results of the analysis of two stainless steel samples with the plasma jet 


Sample NBS 101d NBS 121b 
VOLe 
15 


determined 


69-0 

70-8 

Found 70-8 
716 


Average 


Chemical 


value 


(two plates) on two National Bureau of Standards stainless steel standard samples. 
The certified values are listed at the bottom of the table for nickel and chromium. 
The value for iron was obtained by subtracting the sum of all reported constituents 
from 100 per cent. 

Discussion 


Temperature measurements have not yet been made with this particular 


plasma jet, but the temperature may be estimated. Wetss’ measurements [7] with 
a water cooled plasma jet at currents of from 50 to 1400 A and with various 
cathode openings extrapolate to a temperature of about 10,000°K for the condi- 
tions used in the work described here. The spark-like appearance of the spectra 
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makes this temperature estimate appear to be reasonable. It is unlikely that the 
electromagnetic pinch effect is significant at the currents employed in this dis- 
charge. Any increase in temperature compared to the d.c. are probably arises 
chiefly from the thermal pinch. 

The preliminary analytical data indicate that the plasma jet will provide good 
precision. A series of exposures with the same solution gave an average coefficient 
of variation for twenty-three well-matched line pairs of slightly less than 2 per 
cent, including the photometric error which is estimated at 1} per cent. The 
analytical curves appear to be reproducible from one plate to the next, although 
experience with the source is still too limited to be certain of this. 

The line pairs used in the analytical work are closely matched in excitation 
potential; however, it is not yet known how close these energies must be for good 
precision. As an extreme test of this factor, a group of vanadium atom lines have 
been compared to a group of vanadium ion lines. On one plate, the average 
coefficient of variation of the intensity ratios for several line pairs was about 4 
per cent. 

The sensitivity of the source has not been investigated extensively. In the 
analysis of the stainless steel standard samples it was found that the sensitive 
spark lines of manganese, near 2600 A, showed up strongly. The two samples 
contained 0-739 and 1-50 per cent of manganese, corresponding to about 20 and 40 
p-p-m. in the solutions. 

The only precautions taken to prevent carry-over of material from one sample 
to the next have been to change the cathode and flush water through the atomizer 
between exposures. With these simple measures, no indication of cross contamina- 
tion has been found. 

Conclusions 

The preliminary studies of the plasma jet as a spectroscopic source indicate 
that this type of discharge is capable of good precision in spectrochemical analysis. 
The sensitivity, at the present time, is adequate for many applications but not for 
trace determinations. A great deal of work must still be done to improve the 
design and to investigate the effect of such variables as current, coolant, solution 
flow rate, cathode opening and anode—cathode spacing. 

The plasma jet is able to produce spectra of elements not excited by chemical 
flames, as shown by the appearance of lines of helium and argon in the spectra. 
It should prove useful for determining those elements not excited by flames and 


those for which the cooler sources do not provide adequate sensitivity and 


freedom from interference. 
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Abstract The infrared spectra ol methyl and silyl phosphines in the yas phase have been 
obtained over the region from 300 to 4000 cm™! at prism resolution. A number of vibrational 
assignments have been made on the basis of aC, model, although in several instances overlapping 
of bands permits only approximate values for some band centers. The complex absorption 
from 400 to 500 em~? in SiH,PH, suggests the possibility that the overtone of the internal 


torsion may lie in this region. 
Introduction 

We report here the infrared spectra of the two phosphine derivatives CH,PH, 
and SiH,PH,. Interest in these molecules stemmed from an earlier study of the 
spectrum of PH,PH, by one of us [1] but it was also stimulated by the recent 
extensive investigations of the analogous compound methyl amine. For the latter 
molecule, the fundamental frequencies, the molecular geometry and the barrier to 
internal rotation have all now been reliably established [2]. 


Experimental 
Methy! phosphine was prepared by the reaction between CH, and NaPH, 
according to the following procedure. Phosphine gas was introduced into a liquid 
ammonia solution of sodium metal until the blue color of that solution was just 
dispelled. An excess of CH,I was then condensed into the reaction vessel and the 
mixture was allowed to stand for 12 hr at —78°. After this, the gaseous products 


were passed through successive absorption tubes filled with sodium iodide and 


magnesium perchlorate in order to remove the ammonia. The product was next 
fractionally distilled in vacuo through a series of cold traps at --78. —-126 and 
196°. 

The infrared spectrum of the methy! phosphine preparation showed no evidence 
of ammonia impurity but a band at 1252 em~! did indicate the presence of some 
CH,I. The amount of CH,I was estimated as 3 mole per cent from a comparison 
of the intensity of the 1252 em~! band with that of the same band in pure CH,I [3}. 
Two separate gas density measurements yielded 49-8 and 49-5 for the molecular 
weight (theory 48-03). The high experimental molecular weight can be accounted 
for by about 2 mole per cent of CH,I. We therefore conclude that the methy] 
phosphine was probably 97 to 98 per cent pure. Vapor pressure measurements 
at —77, —46 and —23° gave 2-75, 20-90 and 60-20 cm, results which check well 
with the values given in the literature | 4). 

| E. R. Nixon, J. Chem. Phys. 60, 1054 (1956). 
Gray and R. C. Lorp, J. Chem. Phys. 26, 690 (1957). (This paper gives earlier references.) 
Lyps Jr., J. Chem. Phys. 27, 343 (1957) 


D 
I. L. Mapor and R. 8. Quinn, J. Chem. Phys. 20, 1837 (1952) 
E. C. Evers, E. H. Street Jr. and 8. L. June, J. Am. Chem. Soc. 73, 5088 (1951). 
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A modification of the Frirz method [5] was used to prepare silyl phosphine. 
A reaction tube of 2 1. capacity was preheated to 440° and equal volumes of SiH, 
and PH, were introduced until the total pressure was 60 cm. The mixture was 


maintained at 440° for 2 hr, during which time a grayish solid deposited on the 
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Fig. 1. Infrared spectrum of CH,PH,. Gas pressures in 10 cm cell indicated as follows: 
A = 40-5, B 12-9, C 3-2 and D 2-9 em. 
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50 


transmission 


% 


Frequency cm: 


Fig. 2. Infrared spectrum of SiH,PH,. Gas pressures in 10 cm cell indicated as follows: 


A 36-0, B 10:5, C 55, D 4-2,E 3-0, F 1-5 and @ 0-5 em. 


walls of the tube. At the end of this period the gaseous products which condensed 
out at liquid nitrogen temperature were collected and passed from room tempera 
ture through a train of two traps, at —134 and —196°. The yield of SiH,PH,, 
which was largely retained by the — 134° trap, was extremely small and only after 
a series of such preparations did we accumulate 2 ml of the liquid. 

A preliminary infrared spectrum of this product revealed the presence of both 
disilane (the band at 844 em~') [6] and disiloxane (the band at 1107 em~){7]} but a 
rather elaborate sequence of bulb to bulb distillations reduced both impurities to 
a negligible level. Two molecular-weight determinations on our final product gave 


5) G. Fritz, Z. anorg. u. allgem. Chem. 280, 332 (1955). 
|6|) G. W. Beruke and M. K. Witson, J. Chem. Phys. 26, 1107 (1957). 
R. C. D. W. Rostynson and W. C. Scuumn, J. Am. Chem. Soc. 78, 1327 (1956). 
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Infrared spectra of methyl and silyl phosphines 


SiH,PH, 


Freq. 


1140 
350 
1360 


2157-5 7 
2168-54 


2177-5 R 


(2312) 


The spectra are plotted in Figs. | 


and 


gas cells were 10 em in 


The height of the barrier to internal rotation in methyl! amine is 690 em. 
On the basis of molecular dimensions alone. the barriers in both methyl! and silyl 
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phosphines should be lower than 690 cm~! but higher than the barrier in digermane. 
for which a value of 420 cm~'|8]| has been estimated. As a rough guess, we might 
place the barrier heights at 600 em~! in CH,PH, and 500 em~! in SiH, PH,. In any 
event, the internal rotation in both molecules will be hindered and as is observed 
in methyl amine and disilane [9], the rotational structures of the perpendicular 
bands are normal for a rigid molecule rather than for one with free internal rotation. 

We assume that both molecules belong to the C, point group so that the vibra- 
tional modes fall into two species, A’ symmetric with respect to the molecular 
plane of symmetry and A”, antisymmetric to that plane. The A’ vibrations com 
prise those modes in which the change in dipole moment either lies along the 
inertial axis of least moment or along the axis of greatest moment or has a com 


ponent along each of these axes. The A’ vibrations thus give rise to either A, C or 
hybrid type bands. The A” vibrations, on the other hand, correspond to type-B 
bands in which the dipole moment changes along the intermediate axis. Even 
though CH,PH, and SiH,PH, are asymmetric tops, the deviations from symmetric 


Table 2. Rotational constants calculated from assumed parameters for XH,YH, 


Assumed Calculated 
CH,PH, SiH,PH, CH,PH, SiH,PH, 


XY dist. 1834 A 2-243 A 2-451 em 1-715 

XH dist. 1-044 A 1-480 A 0-411 em O-191, 

YH dist. 1424 A 1-424 A 0-407 em 0-190, 
HXNH 109 28 109 28 0-409 em 0-19] 
HXY 109 28 109 28 ) 2-042 cm 1-524 em 
HYH 93°50 93°50 30-0 19 


XYH 03°50 93°50 


‘ em 


° Separation of P and RF maxima in para lel band 


top geometry are very slight. as may be seen in Table 2 which shows the rotational 
constants calculated from arbitrarily assumed but probably reasonable values of 
the structure parameters. The parallel type-A band |10| should exhibit P- and 
R-branches and a strong central Q@-branch. A type-C’ band should have a less 
prominent central Q-branch and should display a series of Q-sub-branches with a 
spacing of approximately 2(4 B). Finally the type-B band should have a 
central minimum and also a series of Q-branches with spacing of about 2(4 B). 

We proceed now to discuss the spectral data and the vibrational assignments. 
Because of the expected similarities, we shall discuss the two molecules together 


81D. A. Dows and R. M. Hexter, J. Chem. Phys. 24, 1029 (1956 

9| H. S. Guwrowsky and E. O. Sressxat, J. Chem. Phys. 22, 939 (1954 

101 G. Herzeero, Infrared and Raman Spectra of Polyatomic Molecules p. 469 Van Nostrand. Princet 
1945 
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1. CP and SiP stretch 
The CP and SiP stretching vibrations »,* should give rise to essentially parallel 
or A-type bands. In CH,PH, the intense band with its prominent Q-branch at 


75 


/ 


% transmission 


Fig. 3. Q-branches in the 2311-5 em! band of CH,PH,. Gas pressure 2-9 cm in 10 cm cell. 


Table 3. Rotational analysis of the 2311-5 em~ band of CH,PH, 


K Ro, Ro, Po,) 4K 


2314-0 
17-0 
22-0 
26-0 
20-5 


33-0 


17 Average 07 


676-5 em~! (Fig. 1) clearly fits this description and lies very close to the 664 em~" 
value reported for the symmetric CP stretch in dimethyl phosphine [11]. 


* The vibrations of CH,PH, are numbered according to HeRzBERG’s convention and the same 
numbering applied to the analogous vibrations in SiH,PH,. 


11) H. C. Beacwete and B. Katriarsxy, J. Chem. Phys. 27, 182 (1957). 
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In the 400 to 500 cm~! region in SiH,PH, (Fig. 2) an overlapping of bands 
occurs but we assign the peak at 454 cm~! as the Q-branch of »,. This places the 
SiP stretch at very nearly the same frequency as the SiSi stretch in disilane 
(434-2 em~') [6] and the PP stretch in biphosphine (437 em~*) [12]. 


transmission 


% 


2250 


Frequency cm 


Fig. 4. Rotational structure of the 2312 band of SiH, PH, 
Gas pressure 5-5 cm in 10 em cell 


2. PH stretch 

We expect the two PH stretching modes y, and »,, to be nearly coincident. 
In H,S [13], for example, the two stretches are separated by only 13 em~ and in 
PH,PH, [1] the PH stretching vibrations all appear to lie within an interval of no 
1 


more than 25 em 
The antisymmetric stretch v,, in CH,PH, is assigned to the very intense B-type 
band whose center falls at 2311-5 cm~. This band doubtless obscures a less 
intense y,. The Q-line structure of »,, (Fig. 3 and Table 3) vields 1-97 em~ for 
(A B), a value some 3-6 per cent smaller than that caleulated in Table 2. 
The center of the corresponding intense B-band in SiH,PH, is not as obvious 
but it must lie close to 2312 em~'. The Q-lines are fairly well washed out on the 


high frequency side, perhaps as a result of the underlying », band, but on the low 
frequency side at least 16 lines are discernible. The average spacing of 3-03 em~! 
(Fig. 4 and Table 4) gives a rough value of 1-52 em~'! for (A B): see Table 2. 


3. CH and SiH stretch 

Of the three CH stretches in CH,PH, we assign the parallel one y, to the type-A 
band at 2938 cm~'. The other two, », and »,), probably overlap in the irregular 
absorption on the high frequency side of vy, and we would tentatively place the 
centers of both bands at about 3000 cm~'. These two vibrations, degenerate in a 
molecule like CH,CI, are probably split very little in CH,PH,,. 


12) M. Baupuer and L. Scumipr, Z. anorg. u. allgem. Chem. 289, 1132 (1957). 
13] H. C. Avcewn Jr. and E. K. Pryver, J. Chem. Phys. 25, 1132 (1956). 
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H. R. and E. R. Nrxow 


In SiH,PH, only a single very intense band envelope is observed in the SiH 
stretch region. The band has a distinct but not very prominent Q-branch at 


Table 4. Rotational structures of the 2312 and 1068-5 
em! bands of SiH,VH, 


(Fig. 4) (Fig. 6) 


Line no. ‘req. Line no. 


Table 5. Rotational structures of the 977, 


1017 and 1093 em! bands of CH,PH, (Fig. 5) 


Line Freq. Line no. Freq. Line no. Freq. 


960 14 1O1L-5 2 1068 
15 15 , 72 
(min.) 17 2 76 
16 19 2¢ 80-5 
84 
28 : 87-5 
33 93 


2168-5 em~! and very likely »,, v, and m4 all lie here. In the silyl halides {14}, for 
example, the separations of the symmetric and antisymmetric SiH stretching 
modes vary from only 4 to 10 em=". 


14) R. N. Dixon and N. SuHeprarp, J.Chem. Phys. 23, 215 (1955). C. Newman, J. K. O’Loane. S. R. Poto 
and M. K. Wiison, J. Chem. Phys 25, 855 (1956). 
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Freq. 
2 63-5 2 49 
3 3 52 
4 70-5 4 55-5 
5 73-5 5 58-5 
6 76-5 6 61-5 
7 79-5 7 65 
83 8 (VY) 68-5 
9 71 
10 80-5 10 74-5 
92-5 11 77 
12 95-5 12 80-5 
13 98-5 13 83-5 
14 2301-5 14 S6 VOL. 
15 4 15 93 
16 Os 
l 
4 
5 
6 
s so 20 36 33 1100-5 
4 92 21 40 34 04-5 
10 96 22 45 35 OS : 
a9 23 50 36 11-5 
12 1003 24 D4 37 15-5 
13 07 25 58-5 38 19 
|| 
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Infrared spectra of methyl and silyl] phosphines 


4. PH, deformation 

It is improbable that the CPH and SiPH angles exceed 95° so that one would 
expect the PH, deformation », to be very largely perpendicular (type-C band). 
Even though the band at 1093 em~ in CH,PH, has an intense Q-branch that 


100 


% transmission 


1000 


Frequency 


Fig. 5. Rotational structure in the spectrum of CH,;PH,. Gas pressure 3-2 em in 10 cm cell. 


75 


transmission 


% 


1150 


Frequency cm- 


1050 


Fig. 6. Rotational structure in the spectrum of SiH,PH,. Gas pressure 11-0 cm in 10 em cell. 


suggests a strong parallel component, we assign it as »,. The PH, deformation in 
SiH,PH, occurs at 1068-5 em~! and has a weaker Q-branch. 

These assignments are consistent with that made for the deformation in 
PH,PH,|1]in which the band at 1081 cm~ appeared to have more parallel character 
than predicted. 

Both of the », bands exhibit Q-sub-branches and these are shown in Figs. 5 
and 6 and in Tables 4 and 5. 
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H. R. Luytron and E. R. Nrxon 


5. CH . and SiH, deformation 


The parallel CH, deformation », in CH,PH, is assigned to the weak band 


whose Q-branch lies at 1346 em~', but it is quite possible that 2v, makes a significant 
contribution to the absorption in this region. The perpendicular deformations », 
and ¥,, probably overlap in the broad absorption around 1450 em~'. 

In the silyl halides and in the silyl eyanide |15| the SiH, deformations all lie 
within the region from 903 to 990 em~!. In each molecule the two deformations 
are intense, overlapping bands and the frequency of the perpendicular vibration is 
remarkably constant, varying from only 941 to 954 em~'. However in SiH,PH, 
there does not seem to be any question but that the perpendicular v,, corresponds 
to the strong band whose central minimum falls at 904 cm~!. There is some weak 
absorption with irregular Q-line structure on the high frequency side of this band 
and one can only speculate that the centers of y, and v,; are not far from 920 em. 


6. CH, and SiH, wag 

Fig. 5 shows the details of the CH,PH, absorption in the region of 1000 em". 
Our interpretation is that of a hybrid band vy, with its Q-branch at 977 em~ and an 
overlapping B-type band »,, with central minimum at 1017 em~!. The Q-lines are 
listed in Table 5. 

The vy, wag in SiH,PH, has its Q-branch at 723 cm~' while the center of »,, 
would appear to be about 760 em~, 


7. PH, wag and PH, twist 


In gaseous PH,PH,, Nixon [1] has tentatively assigned the strong bands at 
633 and 792 cm~! as the PH, wagging modes and the much weaker bands at 743 


and 827 em~! as the PH, twisting vibrations. For liquid biphosphine | 12] Raman 
lines have been observed at 653 and 856 em~!. Now in both CH,PH, and SiH,PH, 
it is reasonable to expect the PH, twisting fundamental »,, somewhere between 
750 and 850 em~' but with very weak intensity due to the small change involved 
in the dipole moment. On the other hand v,, the PH, wag, should lie at somewhat 
lower frequency, perhaps near 650 cm~!. Actually, the only observed band in the 
spectra not previously assigned is the relatively weak one at 621 em~! in SiH,PH,. 


With this possible exception, we shall not attempt to assign either v, or 1,,. 


8. Remaining assignments 

Table 6 summarizes the assignments of the fundamentals. Since the assign- 
ments are incomplete, it is hardly worthwhile trying to identify overtone and 
combination bands. There are however several bands in the spectra which deserve 
comment. 

In CH,PH, the weak band at 1252 cm~ is clearly due to the CH,I impurity, 
as are also the three weak peaks at 886, 908 and 924 cm~!. The weak absorption 
maximum at 844 em~! inthe SiH, PH, spectrum results from the impurity SiH,SiH,, 
this corresponding to the most intense band in the spectrum of disilane. 

Besides the 454 cm~! band which we assigned as the SiP stretch in SiH,PH,, 


[15] H. R. Lovron and E. R. Nixon, Spectrochim. Acta 10, 299 (1958). 
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Infrared spectra of methyl and silyl phosphines 


Table 6. Assignments of fundamentals in CH,PH, and SiH,PH, 


A’ fundamentals 


CH, stretch. (3000) SiH, stretch. (2170) 
CH, stretch. 2938 SiH, stretch. 2168-5 
PH, stretch. (2310) PH, stretch. (2310) 
CH, deform. (1450) SiH, deform. (920) 
CH, deform. 1346 SiH, deform. (920) 
PH, deform. 1093 PH, deform. 1068-5 
CH, wag. 977 SiH, wag. 723 
CP stretch. 676-5 SiP stretch. 454 
PH, wag. PH, wag. 621 ? 


A” fundamentals 


CH, stretch. (3000) SiH, stretch. (2170) 
PH, stretch. 2311-5 PH, stretch. 2312 
CH, deform. (1450) SiH, deform. VO4 
CH, wag. 1017 SiH, wag. (760) 
PH, twist. PH, twist. 

PH, torsion. . PH, torsion. 


there appears to be an intense band at about 480 cm-!. Whether this absorption 


involves the overtone of the torsional vibration cannot be answered at this point. 
We have scanned the CsBr prism region with as much as 1 atm gas pressure for 
both methyl! and silyl phosphines but have not been able to detect any absorption 
beyond that reported here. 

The spectra of the various deuterated species of methyl amine proved to be 
most helpful in making vibrational assignments for that molecule and the same 
kind of information would certainly help to resolve many of the uncertainties in 
the present work. 


Acknowledgement—One of us (E. R. N.) wishes to express his gratitude to the Committee on the 
Advancement of Research at the University of Pennsylvania for a faculty research grant. 
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RESEARCH NOTES 


Order of atoms in linear metal dicyanides* 
(Received 15 December 1958) 


Wixson [1] has recently demonstrated a convenient way to determine the order of atoms 
in a linear molecule from the fundamental stretching frequencies of isotopic species. He has 
applied this method to the frequencies [2] of Ag(CN),~ showing that it supports the structure 
N—C—Ag—C—N. The author feels that it is worth while to point out what this application 
means in terms of general quadratic valence force constants and to show how it applies to 
Au(CN),~ [3] and Hg(CN), [4] as well. 

Witson’s method [1] is to assign force constants to all interatomic displacements, 
whether bonded or not. Then his criterion is that those associated with bond distances will 
ordinarily be larger than those associated with non-bonded distances. Thus, for M(CN), if 
F,,.. is greater than Fy this supports the structure N—C—M—C—N rather than 
C—N—M—N—C. The structure C—N—M—C—N must be ruled out by other means [2, 
3, 4}. 

Converting to general quadratic valence force constants we can write the relation 


where (a) MX is the metal-carbon bond (plus sign) or metal—nitrogen bond (minus sign). 


b) Superscript W refers to force constants defined by Wiison {1}. 
c) Superscript >, refers to general quadratic symmetry valence force constants 


of ©) symmetry 
A(Ag + 4g) + Ay) 


qd) Anu, Any 


hs ; A,) represents change due to substituting carbon isotope (13¢")_ 


Al 
A'(Ag + Aq) represents change due to substituting nitrogen isotope ('°N). 


Thus, the criterion that Fy." is greater than F,,,." is the same as stating that F y,~« is 


qreate) than the inte raction constant. (assuming a M hond) ov that is le AS 


MC.CN 


than twice the interaction constant. F (assuming a M N hond). Since we expect the 


MN.CN 
interaction constants to be much smaller than the bond force constant, this latter comparison 


was used (in a less quantitative manner) as one of the criteria to determine that the metal 


* This work was sponsored by the U.S. Atomic Energy Commission 
1} Wrisow E. B., Jr., S; ochim. Acta 12. 1 (1958 

2] Jonns L. H.,. m. Phys. 26, 1578 (1957 

3) Jones L. H vem. Phys. 27, 468 (1957 

4) Jones L. H., J *hys. 27, 665 (1957 
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Research notes 


Table 1 


Ac of equation (1) for M(CN), 


Ag(CN), 1-6 mdyn/A 
Au(CN),~ 1-7 mdyn/A 


Hg(CN), + 2-3 mdyn/A 


is bonded to the carbon in Ag(CN),~, Au(CN), ~ and Hg (CN), in references {2}, |3| and [4], 
respectively. 

Table 1 shows that the data in all cases strongly favors the metal-carbon bonding in the 
three dicyanides in question. 

The fact that the values of Table 1 are positive indicates a metal-carbon bond. If they 
came out negative, we would say they indicated a metal-nitrogen bond. The observed 
fundamentals were used, neglecting anharmonicity. If indicated anharmonic corrections 
are applied (see reference [3]) the values are even more positive. For example, Ap y for 
Au(CN),~ becomes +-1-9 mdyn/A instead of + 1-7. 

L. H. Jones 


Los Alamos Scientific Laboratory 
niversity of California 
Los Alamos, New Mexico 


A reference beam attenuator for use in infra-red spectroscopy 
(Received 27 November 1958) 


In double beam infra-red spectrometry it is often difficult to obtain useful spectra of solids. 
If the solid is placed in the sample beam a large amount of radiation is lost through scattering, 
and so a high background is recorded on which the spectrum of the solid is superimposed. 
This background can sometimes be reduced by grinding the solid to a much smaller size (less 
than 1 jy) but this process is time consuming and also increases the risk of chemical change. 

If the energy in the reference beam is reduced instrumentally the linear size of the trans- 
mission scale is expanded. This expansion when recorded on normal size recorder paper 
enables the background to be effectively removed. 

Energy in the reference beam can be removed in a known amount by using combs, 
diaphragms, vertical sliding shutters, neutral filters or by means of a rotating star wheel. 
Of these methods only the last will enable an accurate, non-specific reduction in intensity to 
be easily achieved if a comb or diaphragm is already being used in the reference beam as the 
standard reference method. 

The use of a high-speed rotating star wheel has been discussed by Day [1] for recording 
the spectrum of a sample. An uncorrected wheel can be used as a simple attenuator also in 
the reference beam. A ten bladed star wheel was cut from a sheet of thin brass and anodized. 
The wheel was driven at 2900 rev/min by a small motor, so mounted to slide into the 
reference beam by a known amount as shown in Fig. 1. This high speed is essential to avoid 
interaction with the chopping speed (12} c/s) of the (Grubb—Parsons) spectrometer used. 


|1] Daty E. F., Nature 171, 560 (1953). 
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tesearch notes 


The motor is driven into the beam by means of a screw thread. The position of the slide 
in relation to the proportion of radiation removed from the beam by the wheel was found by 
using the spectrometer as a single beam equipment. The energy passed by the wheel was 
recorded for various positions of the screw thread. This experiment also showed that the 
repeatability of the thread setting enabled an accuracy of 


1 per cent of the original 
reference energy to be obtained. 


TRANSMISSION 


0 8-0 9-0 
WAVELENGTH, 


Fig. 2. A typical spectrum of an engine deposit obtained with a potassium bromide plat« 


Fig. 2 shows a typical spectrum of an engine deposit before and after attenuation, where 
it can be seen that a clearer and more useful spectrum is obtained by attenuation. A second 
and perhaps more important use of the attenuator is as a quantitative scale expander. On 
spectrometers, using combs, the accuracy of measurement is decreased as the transmission 
goes below 10 per cent 7 because of the mechanical construction of the comb. 


Therefore, if the transmission of a sample is less than 10 per cent 7’ it is more accurately 
measured by moving the attenuator into the beam. This alters the recorded transmission by 
a known amount and also uses a more accurate region of the comb. 


Hence a more accurate 
result can easily be obtained without altering the sample in any way. 


Acknowledgement—The Author wishes to thank Mr. W. A. McMu.ian for his advice and help 
and the Directors of “Shell” Research Ltd. for permission to publish this paper. 
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BOOK REVIEWS 


Methods for Emission Spectrochemical Analysis. American Society for Testing Materials, 


Philadelphia, 1957. xiv $88 pp., $7.00. 


Tuts compilation is sponsored by the Emission Spectroscopy Committee of the ASTM, and 
supersedes a similar volume dated 1953, which only filled 300 pages. 

The new material in the general section is in two sections; of these the first is a suggested 
practice for describing and specifying excitation sources. They are divided into five classes 
thus 

a) Continuous arc: a self-maintained d.c. discharge. 

b) Non-condensed a.c. arc; a series of pulses of alternate polarity, either self-initiated or 

triggered from another circuit. 

Non-condensed, intermittent d.c. arc; a series of pulses of the same polarity, separately 
triggered and controlled. 

Condensed arc; a series of electrical discharges from capacitors, each of which is either 
oscillatory or damped, separately triggered. 

Spark; a series of self-igniting oscillatory discharges; usually from a relatively small 
capacitor at a high voltage. 

Although not a fundamental classification this is a useful one, and it will be interesting to see 
how far it is followed by future contributors of methods to later volumes of this book. The 
other new general section on suggested practices for spectrochemical computation is reasonably 
complete and clear, but uses a notation so rich in double suffixes that it will not be popular with 
editors. 

Ihe section on metals transfers two suggested methods for lead and zine to the status of 
tentative methods, and adds new tentative methods for several alloys, including titanium and 
its alloys containing aluminium and chromium. The tentative method for nickel is revised, and 
its scope extended for four elements out of the twelve to be estimated. 

The section on non-metals extends the tentative standard status to two flame photometric 
methods, and suggests new ones for alkali elements in glass and for ceramic materials; there 
is also a group of suggested methods for the application of spectrochemical methods to the 
analysis of petroleum products, lubricating oils and used oils which are tested for metals as a 
check on the wear in diesel engines. 

The statistical sections are well worked out, as one would expect from this Association, 
and there are tentative methods for the application of statistics to sampling problems in general 
as well as a chapter on the recommended practice for deriving precision data from analytical 
results. Readers of the previous volume will want to buy the new one, and the book can be 
recommended to any industrial spectrochemical laboratory which deals with more than a single 
type of sample. 

ERNEST VAN SOMEREN 


Symposium on Spectrochemical Analysis for Trace Elements. American Society for Testing 
Materials, Philadelphia, 1958. 80 pp., $2.75. 

THIS comprises six contributions, of which two deal with metals, two with minerals and one 

with biological materials as the original sample. Four of the papers also deal with pre-concen- 

tration of the trace elements chemically before spectrochemical tests begin. 
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Book reviews 


The paper on oxygen in steel and titanium is the most original contribution in this symposium 
and describes work by Prof. Fasset and some of his colleagues, which opens up a new field for 
spectrochemical analysis. 

Two of the papers are good critical reviews of the present state of trace analysis, one as 
applied to metals prepared by the Oak Ridge National Laboratory of the USAEC, the other 
dealing with minerals prepared by the U.S. Geological Survey; these can be strongly recom- 
mended, but the last one about metals has a bibliography mainly confined to the last 6 years 
progress while the other has a bibliography of sixty-six references and a more international 
scope. 

The other three papers are less notable; only one of the six is from an industrial laboratory 
and deals with spark techniques using graphite electrodes. 

ERNEST VAN SOMEREN 


ERRATUM 


A. L. Bucum: The infrared spectra and the structure of some homophthalimides. 
Spe ctrochim. Acta 13, 93—98 (1958) 


The captions for Figs. 1 and 2 were omitted from the original article. They should read 


as follows: 
Fig. 1. Infrared spectra illustrating effects of hydrogen bonding on the NH stretching 
band. 4,4-Dimethylhomophthalimide (IV); | ), 0-35 mg/ml in 10 mm cell; 
( ), 3:50 mg/ml in 1 mm cell; (—.—-), 7 mg/ml in 0-50 mm cell (CCI, solutions); 
ca. 5°, dispersion in pressed KBr pellet. 
Fig. 2. Infrared spectra illustrating effects of hydrogen bonding on the C=O st retching 
band. 4,4-Dimethylhomophthalimide (IV); ( ), 1:75 mg/ml in 2 mm cell; 
( .. 7 mg/ml in 0-5 mm cell (CCl, solutions); (—.—-), ca. 5°, dispersion in 


pressed KBr pellet. 
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NOTICES OF MEETINGS 


Meeting of Molecular Spectroscopy 
Bologna, 7-12 September 1959 


HE next Meeting of molecular spectroscopy, sponsored by the European Group of Molecular 
Spectroscopy, will be held in Bologna, September 7-12 1959. 

The Meeting will deal with topics related to molecular spectroscopy, and provisionally it 
will cover the following main sections: 


(1) Energy levels and ultraviolet spectra; 
(2) Infrared Spectroscopy ; 
3) Raman Spectroscopy ; 
(4) Microwave and Nuclear Magnetic Resonance Spectroscopy. 
Attention will be also given to problems related to molecular rotatory dispersion. 
he programme of the Congress consists of main lectures, section lectures and reports of 
short papers. The latter can be given in any language, but it is hoped that this will be chosen 


for understanding by a large section of the participants. 
All correspondence should be addressed to: 


Pror. A. Manon, Istituto di Chimica Industriale dell’ Universita, 


Viale Risorgimento 4, Bologna, Italy. 


Dr. H. W. THompson, St. John’s College, Oxford, England. 


Summaries of papers (maximum 250 words) must be sent before March 15 and papers sub- 


mitted for ac eptance not later than April 30; no consideration will be given to papers rece ived 
after the aforementioned term. 

The Scientific Committee of the Congress is composed of the Members of the Committee of 
Molecular Spectroscopy of the IUPAC, 


The VIIIth Colloquium Spectroscopicum Internationale 
Lucerne, Switzerland, September 14-19, 1959 


Main subjects to be dealt with: 
Emission-Spectroscopy ({larn«-. 
Fluorescence-Spectroscopy (X-ray and electron-beam); 
Mass-Spectroscopy. 


THE programme will include the presentation of papers and short communications. In addition 


arc-, spark-emission, vacuum.-, direct -reading- spectroscopy ); 


to the symposium there will be a display of instruments. 
Titles and a short abstract of contributions dealing with fundamental research, instrumenta- 


tion, analytical methods, special applications etc. on the above mentioned topics are invited 
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Notices of meetings 


by May 15, 1959 at the latest. There is no guarantee that papers received after that date will 


be accepted, 
Papers as well as all correspondence concerning the symposium should be sent to the 


following address: 
Vilith COLLOQUIUM SPECTROSCOPICUM INTERNATIONALE, 
P.O. box, 
Schaffhausen, Switzerland. 


One of the three official languages —English, French or German— should be used. 


Sixth Ottawa Symposium on Applied Spectroscopy 


THE Sixth Ottawa Symposium sponsored by the Canadian Association for Applied Spectroscopy 
is to be held in Ottawa on September 14-16, 1959. 

Papers are invited for presentation on the subjects of applied spectroscopy, including 
emission, ultra-violet and infra-red absorption and X-ray work in the field of instrumental 
analysis. 

Titles and brief abstracts of papers should be submitted before June 2, 1959 to 
Mr. W. O. Taytor, Programme Chairman, Ontario Department of Mines, Parliament 


Buildings, Toronto, Ontario, Canada. 
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ANNOUNCEMENT 


Society for Applied Spectroscopy 


\ NEW society, known as the National “Society for Applied Spectroscopy,” was founded in 
New York on Wednesday, November 5, 1958. After some two years of comprehensive study, 
the governing board of the Federation of Spectroscopic Societies dissolved the Federation and 
founded a National society for individual members, with active local sections in Baltimore, 
Washington. Chicago, Cleveland, Detroit, Indiana, Los Angeles, Milwaukee, New England 
(Boston), New York, Niagara Frontier, Ohio Valley, Philadelphia, Pittsburgh, Rocky Mountain 
(Denver), San Diego, San Francisco, South-eastern United States. 

The purpose of this Society is to advance the knowledge of spectroscopy in all of its various 
branches, promote the professional standing of its individual members through co-operative 
effort and assist the local sections in their pursuit of these objectives. 

The new “Society for Applied Spectroscopy” has endeavored to preserve the autonomy of 
the founding societies, leaving to each section the promotion of such activities that have been 
unique or distinctive of the various individual sections and to enhance the prestige of these 
activities through objective support and co-operation. 

‘Applied Spectroscopy” formally published by the New York society is now the Official 
Journal of the National “Society for Applied Spectroscopy.” 

The present officers of the society are: Wm. J. PoeHiMAN, President; Mrs. Saran H. 
DEGENKOLB, President Elect; Rev. James J. J., Secretary; Dr. Eowin 8, HopcGe, 
Treasurer; Dr. Frep C. Strona, Editor of Applied Spectroscopy. 
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Analytical applications of far infrared spectra—II* 


Spectra-structure correlations for aliphatic and aromatic hydrocarbons 
in the cesium bromide region 


F. F. Bentiey and E. F. Wotrarru 
Wright Air Development Center, Wright-Patterson Air Force Base, Ohio 


(Received 10 February 1958) 


Abstract 


have been investigated from 15 to 35 uw and the characteristic absorption frequencies incorporated 


The infrared absorption spectra of some 400 aliphatic and aromatic hydrocarbons 


into spectra—structure correlation charts. The classes of compounds studied were alkanes, 


alkenes, cyclopropanes, cyclopentanes, cyclohexanes, substituted benzenes, naphthalenes and 


biphenyls. The skeletal bending frequencies of the alkanes and alkenes and the non-planar 
bending frequencies of the aromatic hydrocarbons are the most useful for qualitative analysis 


in this region. The wavelength and intensity of the out-of-plane ring frequencies of aromatic 
molecules give some indication of the nature of the substituents. Typical infrared spectra of the 


hydrocarbons are presented. 


Introduction 
CHARACTERISTIC group frequencies provide a useful tool for organic qualitative 
analysis [1, 2, 3, 4, 5]. Nearly all of the established frequencies are in the range 
2-15 y, and it is obviously of interest to investigate the region of longer wavelengths 
to see whether additional ones occur there. The far infrared spectra (15-35 yu) of 
over 2000 organic and inorganic substances have been investigated at this Center, 


15 
959 


and spectra-structure correlation charts have been prepared. About 400 of the 


compounds are hydrocarbons, and the correlations for these molecules are discussed 
here. The cyclic compounds and aromatic molecules in particular exhibit several 


absorption bands in this region, the strongest of which seems to be associated with, 


and characteristic of, a particular ring system. The wavelength and intensity of 


these bands serve to a degree to distinguish between the various types of ring 


systems as well as giving some insight as to the nature of the substituents on the 


ring. Characteristic ring vibrations are also observed for heterocyclic and poly- 
nuclear molecules in this region. 
Spectra—structure correlations for molecules containing bromine, iodine, 


sulfur, silicon, inorganic radicals, ete., and for functional groups, such as carboxyl, 
ketone, ester, ether and nitro, are also possible in this region. Spectra—structure 
correlations on several of these classes of compounds will be discussed in subsequent 
articles. 

The correlations given in this study are based on the spectra of a limited number 
of molecules and are presented with considerable reservation since spectra in the 


* Presented at the Forty-second Annual Meeting of the Optical Society of America in Columbus, Ohio, 17 

October, 1957. 

[1] Barnes R. B., Gore R. C., Starrorp R. W. and WiiutaMs V. Z , Anal. Chem. 20, 402 (1948). 

[2] Betiamy L. J., The Infrared Spectra of Complex Molecules p-. 2. John Wiley, New York. 

[3] Couruvur N. B., J. Opt. Soc. Am. 40, 397 (1950). 

[4] Jones R. N. and Sanvorry C., Chemical Applications of Spectroscopy Vol. IX, Chap. 4. Weissberger Series, 
Interscience, New York. 

[5] Lorp R. C. and Miiier F. A. Appl. Spectroscopy 10, 115 (1956). 
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cesium bromide region are even more sensitive to small changes in structure than 
those in the rocksalt region. Interpretation of the far infrared spectra is further 
complicated by absorption bands arising from lattice vibrations of crystals where 
the atoms are covalently bonded together. These bands are more common in this 
region than in the rocksalt region. Nevertheless, fundamental frequencies which 
occur between 15 and 35 « can be of value for empirical correlations as long as they 


are used with caution and are restricted to molecules that do not vary widely in 


structure from well characterized S\ stems 


Experimental 


Apparatus 


The instrument used in these studies was a special spectrophotometer equipped 
with cesium bromide optics [6]. It is essentially a conventional Perkin-Elmer 
Model 21 double-beam optical null spectrophotometer modified to include the 
double pass system developed by Coates and Scort of the Perkin—EIl mer ( orpora 
tion he spectrophotometer was calibrated by using atmospheric carbon dioxide 
and water vapor bands. The wavelength accuracy is probably better than 0-05 ua, 


which is equivalent to about 1-5 em~! at 18-25 a 


Mat jals and ims dure 


The aliphatic and aromatic hydrocarbons used in this study were American 
Petroleum Institute samples. The substituted benzenes with substituents other 
than aliphatic groups were mostly commercial grade chemicals. An effort was 
made to use chemically pure compounds whenever possible. The grade of purity 
and the manufacturer, whenever possible, are indicated on the spectra. Cesium 
bromide or KRS-5 cells with a fairly long pathlength (0-5-2-0 mm) were employed 
for the aliphatic and aromatic hydrocarbons, while cells with a somewhat shorter 
pathlength were used for the more polar benzene derivatives. The spectra of the 
solid compounds were obtained as Nujol mulls or as cesium bromide pellets. In 
some instances the spectra of these compounds were recorded in benzene or other 
suitable solvents 


sults 


Representative spectra are shown in the accompanying figures. In many of the 
spectra the transmission steadily diminishes from about 30 to 35 4. This is not 
true absorption by the sample, but is an instrumental difficulty which results from 
the very low energy available because of absorption by the prism and by water 
vapor. When true bands do occur in this region, they are often easily recognized 
(see Figs. 4p, 68) although in other cases there is considerable doubt as to their 
reality (Figs. 5c, 6a, 6¢ 

The absorption bands referred to as strong bands in this article are based on 
the spectra of compounds studied in cells with fairly long pathlengths (0-5-2-0 mm). 
The pathlength used for a given series of compounds is usually stated. 


6) Bewriey F. F.. Wovragtra E. F., Sar N. E. and Powrir W. R., Spectrochim. Acta 1%, 1 (1958) 
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Aliphatic hydrocarbons 


Alkanes 


Since the spectra of the straight chain aliphatic hydrocarbons have weak 


bands in the CsBr region, the spectra of these compounds were measured in 2-0 mm 


cells. In a series of pure hydrocarbons from n-hexane to n-hexadecane weak 


absorption bands were observed in the 18-6—20-6 and the 21-8-22-1 y regions 


(see Fig. 1). n-Pentane has a sharp medium band at 21-35 u. The absorption 


maximum in the 18-6—20-6 uw region of the spectra of n-hexane to n-hexadecane 


gradually shifts to shorter wavelengths as the chain length increases and appears 


to approach a limit around 18-6 u as shown in the spectrum of n-hexadecane. This 


absorption is strongest in the spectra of n-heptane and n-octane. A number of 


very weak bands are present in this region in the spectrum of n-nonane, and a 


weak broad band is present in the spectrum of n-decane. The center of the bands 


were used in the above correlations for the latter two compounds. The greatest 


change in wavelength of the absorption maximum in this region with chain length 


occurs at 8 to 12 carbon atoms. In this series of compounds, absorption in the 


specified region (18-6—-20-6 «) therefore gives some indication as to the number of 


carbon atoms present in the hydrocarbon chain. 


In general there are more and stronger absorption bands in the branched 


alkanes than in the straight chain homologs (see Figs. 2 and 3). All of the branched 


alkanes studied have at least one absorption band in the 17-5—20-6 uw region. Data 


on the few molecules studied indicate that considerable differences in the absorp- 


tion spectra occur with variation of the position of substituents on the hydrocarbon 


chain. Thirty-seven pure compounds were investigated in this Laboratory and 


approximately thirty others were observed in the American Petroleum Institute 
spectra and in the literature |7, 8]. 
Alkenes 

In the infrared spectra of a series of alkenes from |-pentene to |-hexadecene two 
absorption bands were observed at 15-70—15-90 and 18-05—18-20 u which appear to 
be characteristic of unbranched l|-alkenes (R CH CH,) (see Fig. 4). The two 
strong bands are usually not observed in the branched |-alkenes. It is interesting 
to note, however, that all the 4-alkyl-l-alkenes studied absorb strongly in the 
16-0-16°3 w region and all the branched l|-alkenes observed in which the alkyl 


groups are substituted nearer the double bond absorb strongly in the 17-9-18-8 yu 


region. 
The unbranched cis-2-alkenes absorb strongly in the 17-0—-17-5 uw and 20-5- 


21-5 « regions, whereas the trans-2-alkenes absorb in the 24-26 and 31-35 u 


regions (Fig. 5). As in the branched alkanes, the most of the branched alkenes 


studied have at least one absorption band at 17-0—20-6 M. 


Alicyclic hydrocarbons 


Saturated cyclic systems have characteristic absorption frequencies arising 


from the bond stretching and bending modes of vibration which occur in the 
rocksalt region, and the out-of-plane and torsional modes which occur in the far 


[7] Donneaup M. T., Compt. Rend. 239, 1480 (1954). 
[8] MeCupsrn T. K., Jr. and Strvron W. M., J. Opt. Soc. Am. 40, 537 (1950). 
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Fig. 1. Infrared spectra from 15-35 4 of normal alkanes. a, n-pentane; B, n-heptane; c, n-decane; 
D, n-hexadecane. 
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Fig. 2. Infrared spectra from 15-35 yu of branched alkanes. a, 2-methylpentane; B, 2-methylheptane; 
2:3-dimethylpentane; 2:4-dimethylhexane. 
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Fig. 4. Infrared spectra from 15-35 yu of normal and branched alkenes. A, l-pentene; B, l-nonene; 
C, 2:4:4-trimethyl-l-pentene; D, 2:3-dimethyl-1-butene. 
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Fig. 5. Infrared spectra from 15-35 yu of cis- and trans-2-alkenes. a, cis-2-pentene; B, cis-2-hexene; 
C, trans-2-pentene; D, trans-2-hexene. 
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infrared. There are many articles in the literature dealing with attempts to 
characterize alicyclic systems, particularly cyclopropane and cyclobutane, from 
their infrared spectra in the rocksalt region [9, 10, 11, 12]. With the possible 
exception of cyclopropane and cyclobutane no certain means of identifying ring 
systems by the out-of-plane and torsional bending modes of vibration have so far 
been realized. The infrared and Raman spectra of cyclopropane [13, 14, 15, 16], 
cyclobutane [17], cyclobutene [18], cyclopentane [19, 20] and cyclohexane [12, 40] 
have been studied by numerous investigators and for the most part these studies 
were extended to the cesium bromide region. 

The infrared spectra of liquid cyclopentane, cyclohexane and over 100 alicyclic 
hydrocarbon derivatives observed in this Laboratory in the cesium bromide region 
were found to absorb, usually quite strongly, in the 18-23 u region. The spectra 
of these molecules were obtained in | mm cells. The strong bands in this region 
are probably due to non-planar modes of vibration arising from the ring. 

The individual aliphatic rings can be identified to a degree from the position of 
the bands in the 18-23 uw region. Although the cyclopropane derivatives studied 
absorb in this entire region, variable bands (weak to strong) are observed in the 
18-5-20-0 w region. Moreover, the saturated hydrocarbons studied having a 
cyclopropyl group (Fig. 6) absorb strongly at 21-2-21-6 uw while the unsaturated 
hydrocarbons observed absorb strongly in the 18-5—-20-0 uw region. Vinyleyclo- 
propane absorbs strongly in the 22 m region and is the only exception observed for 
this correlation. Since cyclopropane itself does not absorb in the cesium bromide 
region the presence of these bands may be attributed to the substituted carbon 
chain (see substituted alkanes). cycloButane derivatives were not available and 
were not included in these studies. Strong absorption bands were observed in the 
17-2-20-°3 w region in the 20 cyclopentanes studied (Fig. 7). The mono-alkyl 
substituted cyclopentanes absorbed strongly in the somewhat smaller region of 
17-2-18-9 uw. In addition to cyclohexane the spectra of some seventy cyclohexane 
derivatives were studied in the 15-35 uw region, and at least one strong band was 
observed in the 17-5—-23 uw region (Figs. 8 and 9). 

A series of several dicyclohexyl alkanes from dicyclohexyl methanes to dicyclo- 


hexyl pentanes were studied, and bands which identify certain members of the 


series were observed in the 15-23 mw region (Figs. 10 and 11). For example the 
dicyclohexyl methanes absorb strongly in the 17-2—18-5 and 21-5—22-5 w regions, 
while the dicyclohexyl pentanes absorb in the 15-7—16-6 (m) and 20-0—20-4 (s) u 


regions. Similarly the low-boiling and high-boiling cyclohexyleyclohexanes are 


[9] Jones R. N. and Sanvorry C., Chemical Applications of Spectroscopy p. 366. Interscience, New York. 
[10] Osnesxy G. D. and Bentiey F. F., J. Am. Chem. Soc. 79, 2057 (1957). 
[11] Pryver E. K. and Acquista N., J. Research Natl. Bur. Standards 43, 37 (1949). 
[12] Pryier E. K., Stare R. and Humpureys C. J., J. Research Natl. Bur. Standards 38, 211 (1947). 
13) Baker A. W. and Lorp R. C., J. Chem. Phys. 23, 1636 (1955). 
14] Gunrnarp H. H., Lorp R. C. and McCussrn T. K., Jr., J. Chem. Phys. 25, 768 (1956). 
[15] Liynerr J. W., J. Chem. Phys. 6, 692 (1938). 
[16] Lorp R. C. and Nout B., J. Chem. Phys. 24, 656 (1956). 
[17] Rarusens G. W., Jr., Freeman N. K., Gwinn W. D. and Prrzer K. 8., J. Am. Chem. Soc. 75, 5634 (1953 
{18} Lorp R. C. and Rea D. G., J. Am. Chem. Soc. 79, 2401 (1957). 
(19] Curnnurtre B. Jr. and Suarrer W. H., J. Mol. Spectroscopy 1, 239 (1957) 
[20] Miruer F. A. and Goros H. R., Abstracts of Symposium on Molecular Structure and Spectroscopy, Ohio State 
University (1955). 
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Fig. 6. Infrared spectra from 15-35 y of cyclopropane derivatives. a, 2-cyclopropylpropane; B, vinyl 


cyclopropane; 2-cyclopropylbutane; 2-cyclopropy!-3-methylbutane. 
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Fig. 7. Infrared spectra from 15-35 4 of cyclopentane and alky! substituted derivatives. a, cyclo- 
pentane; B, methyleyclopentane; Cc, isopropyleyclopentane; Dp, 1-trans-3-dime thyleyclopentane. 
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Fig. 11. Infrared spectra from 15 35 a of 1:1-dicyclohexyl alkanes. a, 1:1-dicyclohexylethane; 


B, 1:1-dicyclohexylpropane; c, 1:1-dicyclohexylbutane; p, 1:1 dicyclohexylpentane. 
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readily distinguished from their infrared spectra in the cesium bromide region 
(Fig. 10). The low boiling cyclohexyleyclohexane isomers absorb strongly in the 
19-2-20-4 and 21-8-23-3 w regions, while the high boiling cyclohexyleyclohexane 
isomers absorb strongly in the 16-0-16-3, 17-2-17-5 and 21-8-23-3 w regions. 
Differences are also observed in the rocksalt spectra of these high- and low-boiling 
molecules, as would be expected since they are geometrical isomers [21, 22]. 


Aromatic hydrocarbons 

The substituted benzenes are uniquely suited for study in the far infrared. 
Benzene itself has no infrared-active fundamental below 671 cm~!, but the reduced 
symmetry of the derivatives allows certain additional ring frequencies to become 
active in the CsBr region. The resulting spectra are fairly simple and may be 
correlated empirically with molecular structure. 

There are well-known bands in the rocksalt region which are determined by 
the number and position of the substituents, but they are relatively insensitive to 
the nature of the substituent group [23]. The long-wavelength bands are somewhat 
more sensitive to the nature of the substituents because the vibrations involve 


appreciable motion of the bonds linking the substituent groups to the ring [24]. 


As a result the observed changes in the position and intensity of the absorption are 
useful in distinguishing between very similar molecules. 

A few studies have been made of the infrared spectrum of benzene in the long 
wavelength region. Srrone [25] obtained the spectrum of this molecule in the 
6-35 uw region by the reststrahlen technique in 1931. BaRNEs [26] and co-workers 
studied the absorption of liquid benzene from 40—135 yw under high resolution and 
observed weak bands with maxima at 46-3, 59-5, 71-5, 85-5 and 115-0 4. They 
interpreted these as difference bands. Their observations supported the plane, 
symmetrical, hexagonal model of benzene. Probably the most complete data on 
benzene and its deuterium derivatives are due to INGOLD and co-workers [27-31]. 
MILLER and CRAWFORD [32] also observed the spectra of deuterated benzenes in the 
potassium bromide region. 

One weak absorption band at 24-85 uw (403 cm~') is observed in the infrared 
spectrum of liquid benzene between 16 and 35 4. A weak Raman line is also 
observed at this frequency (404 em~') in liquid benzene. Lorp and ANDREws [33] 


} Lam~neck J. H., Hreswer H. F. and Fenn V. O., Infra-red Spectra of 47 Dicyclic Hydrocarbons, National 
Advisory Committee for Aeronautics, Tech. Note 3154 (1954). 

(22) Serisan K. T., Goopman I. A. and YanxausKas W. J., Infrared Spectra of 59 Dicyclic Hydrocarbons. National 
Advisory Committee for Aeronautics, Tech. Note 2557 (1954) (See also Tech. Note 3154 (1954) by LaAMNECK, 
Hresuer and Fenn) 

} Jones R. N. and Sanporry C., Chemical Applications of Spectroscopy p. 399. Interscience, New York. 
|} Puyuer E. K., Discussions. Faraday Soc. 2, 100 (1950). 
Strone J., Phys. Rev. 37, 1565 (1931). 
sannes R. B., Bewepicr W. 8. and Lewis C. M., Phys. Rev. 47, 129 (1935). 
} Bamey C. R., Carson 8. C., Gorpow R. R. and Incorp C. K., J. Chem. Soc. 288 (1946). 
] Barey C. R., Carson 8. C. and Incoxp C. K., J. Chem, Soc. 252 (1946). 
Bartey C. R., Gorpow R. R., Hare J. B., Herzrecp N., Incoup C. K. and Poors H. G., J. Chem. Soc. 299 
(1946). 
} Bamey C. R., Hare J. B., Herzrecp N., Incorp C. K., Lecxre A. H. and Poors H. G., J. Chem. Soc. 255 
(1946). 
Barmey C. R., Hare J. B., Ivcorp C. K. and Taompson J. W., J. Chem. Soc. 931 (1936). 
Miiuer F. A. and Crawrorp B. L., Jr., J. Chem. Phys. 14, 292 (1946). 
Lorp R. C. and Anprews D. H., J. Phys. Chem. 41, 149 (1937). 
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attributed the Raman and infrared inactive © — C —C nonplanar bending 
vibration, v9(é,,,), to this frequency (Herzberg’s designation). Since this vibration 
is infrared-inactive it is interesting to note that the presence of this absorption 
band in the infrared spectrum of liquid benzene represents a breakdown in the 
selection rules. This view is supported by the absence of the band in benzene vapor. 


Substituted benzenes 


With the exception of benzene itself the substituted benzenes have been more 
extensively studied in the long wavelength region than other aromatics. LecomrTer 
and co-workers [34-37] studied the infrared and Raman spectra of hundreds of 
mono-, di- and tri-substituted benzenes in the 7-20 w region. BarcnEwrrTz and 
Paropi [38] studied the reflection and absorption spectra of monosubstituted 
benzenes in the 17-55 yw region by the method of residual rays. Recently PLyLer 
[24] has drawn attention to the specificity of the infrared absorption of substituted 
benzenes beyond 15 yu, and the nature of these vibrations has been discussed by 
Pirzer and Scorr [39]. RanpLe and Wurrren [40] have discussed the character- 
istic vibrational frequencies of substituted benzenes in considerable detail. 
Wi_msHurst and Bernstein [41] have given assignments for some of the 
substituted benzenes. Gare [42] has made calculations of some of the vibrational 
frequencies of monosubstituted benzenes and correlated the vibrations of these 
molecules with those of its parts. The infrared and Raman spectra of substituted 
fluorobenzenes have been studied recently in the 2-38 uw region by NreLsen and 
co-workers [43-49]. 

The above studies were chiefly concerned with the assignments for the infrared 
and Raman-active frequencies of the substituted benzenes and little attention was 
given to the application of the out-of-plane bending modes to qualitative analysis. 
The far infrared absorption spectra of over sixty alkyl substituted benzenes and 
over 100 other substituted benzenes with various functional groups were studied 
in this laboratory. As there are very few data on the infrared absorption of the 
alkyl substituted benzenes in the cesium bromide region (Figs. 12-24), these 
compounds will be discussed here in some detail. The other substituted benzenes 
are included merely to demonstrate the effect of various functional groups on the 
wavelength of absorption bands which appear to be due to out-of-plane bending 
vibrations after HERZBERG). 


[34] Lecomre J., Compt. Rend. 204, 1186 (1937). 
[35] Lecomte J., Compt. Rend. 206, 1568 (1938). 
[36) Lecomrse J., J. Phys. Radium 8, 489 (1937). 
Lecomte J., J. Phys. Radium 9, 13 (1938). 
BarcnewiTz P. and Paropt M., Compt. Rend. 207, 903 (1938). 
Pirzer K. 8. and Scorr D. W., J. Am Chem. Soc. 65, 803 (1943). 
| Ranpie R. R. and Wutrren D. H., Molecular Spectroscopy p. 111. Institute of Petroleam, London (1955). 
|} Witmsuvurst J. K. and Bernsrer H. J., Can. J. Chem. 35, 911 (1957). 
Gare, 8S. N., J. Sci. Research 4, 83 (1953-1954). 
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The isomeric alkyl benzenes are characterized by fairly consistent absorption 
bands in various regions of the long-wavelength spectrum. At least one absorption 
band, usually strong, is observed in the 17-0-23 y region in all the alkyl benzenes 
studied. In most instances this absorption band is attributed to the out-of-plane 
ring deformation vibration analogous to the benzene vibration v9. This reduced 


symmetry in the monosubstituted benzenes (),, — C,,) splits the degeneracy of 


the benzene-forbidden v,o(¢,,,) vibration into two modes, a, and b,, the latter being 
allowed and observed as shown in Figs. 12-14. The same argument applies to 
| : 2-dialkyl; 1 : 3-dialkyl; 1: 2 : 3-trialkyl and | : 2 : 3 : 5-tetra-alkyl benzenes, 
all of which have approximately C,, symmetry and one strong absorption band in 
the 18-23 « region. In like manner the reduced symmetry of the | : 4-dialkyl and 
:2:4:5-tetra alkyl benzenes (D,,-—> V,) splits the forbidden e,, into a, 
(forbidden) and 6,, (allowed). The 1 : 4-dimethyl and 1 : 2 : 4 : 5-tetra methyl 
benzenes have V, symmetry and absorb in the 20-23 mw region as shown in Figs. 
19 and 20 respectively. 

In the case of | ; 2 : 4-trimethyl benzene, the symmetry reduction is D,, — C,. 
Here the doubly degenerate forbidden ¢,, splits into two a” modes of vibration. 
Both are allowed, and two strong absorption bands are indeed observed in the 
8 and 23 w region (Fig. 20). 

Finally, in the case of | :; 3: 5-trimethyl benzene, symmetry reduction is 
Dy, — Dy, and the forbidden ¢,, now becomes e", still doubly degenerate, and still 
forbidden. Hence the medium strong absorption at 19-5 ~ (Fig. 21) cannot be 
the analog of ro. 

There are other fundamentals of benzene below 700 em! (v,, vg and ¥,,) whose 
analogs in the substituted benzenes may be responsible for additional bands such 
as the one just mentioned. However v,, seems to dominate the absorption. 

Shifts in the wavelength and relative intensity of the v,, band, which can 
usually be recognized from its high intensity, give some indication as to which 
alkyl benzene is present. Absorption arising from the out-of-plane ring deformation 
modes of vibration is also useful in indicating the possible isomeric benzenes where 
the substituents are not alkyl groups. These molecules absorb in wider but definite 
regions of the spectrum covered by the cesium bromide prism. 


VM no substituted alkyl he NZENES ( Figs. 1? 14) 


Usually one strong absorption band was observed in the infrared spectra of the 
monoalkylbenzenes in the cesium bromide region. It is located in the 17-5-22-0 
region and is apparently due to an out-of-plane ring deformation vibration of 
symmetry class 6,. This absorption band broadens as the straight chain alkyl 
substituents increase in size, and in the neighborhood of the n decyl benzene 
derivative unresolved shoulders appear. This effect is probably due to absorption 
by the side chain. As the molecular weight of the alkyl group increases the position 
of the absorption band is shifted to shorter wavelengths. Branching on the carbon 
linked to the phenyl ring also shifts this band to shorter wavelengths. 

In the n-alkyl mono-substituted benzenes, and the branched alkyl mono- 
substituted benzenes where the branching is not on the «-carbon atom. the position 


of the above band is beyond 20 uv. In those compounds studied where the branching 
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12. Infrared spectra from 15-35 ut of benzene and mono-substituted alkylbenzenes. a, benzene; 
n, methylbenzene; c, ethylbenzene 
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no-substituted alkylbenzenes. A, n-propylbenzene 


n-decylbenzene. 
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Fig. 14. Infrared spectra from 15-35 ft of mono-substituted alkylbenzenes. a, isobutylbenzene; 
B, sec.-butylbenzene; Cc, tert.-butylbenzene. 
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s on the «-carbon atom the position of the band is at 18-19 ~, with another weak 
band in the 21-5 mw region. 

Another absorption band of medium intensity at 16-7 
the monoalkyl benzenes was useful in identifying these molecules. It is present in 
the spectra of all the mono-substituted benzenes with n-alkyl groups or branched 
groups where the branching is not on the carbon atom alpha to the phenyl ring. 
The band shifts to shorter wavelengths as the molecular weight of the alkyl groups 
increases, and it is split into two incompletely resolved bands in the higher homo 


19-2 « in the spectra of 
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12-22 of some mono-substituted alkylbenzenes. 


logs. In toluene the band is of medium intensity, but it is fairly strong in the 
higher monoalky! derivatives. Very weak, but consistent, absorption bands were 
also observed in the 15-9-16°3 and 24-5-25-0 uw regions. 

The infrared spectra of methyl, ethyl, n-propyl, n-butyl, n-decyl, isopropyl, 
sec.-butyl and tert.-butyl benzene derivatives are shown in Figs. 12. 13 and 14. 
As can be seen from the spectra of these compounds the wavelength shift of the 
strong absorption arising from the out-of-plane ring deformation vibration is 
appreciable. This is illustrated pictorially in a chart, Fig. 15, for a few of the 
mono-substituted benzenes. It is interesting to note that absorption due to the 
non-planar CH bending vibrations in the 13-0-13-7 « region also shifts to shorter 
wavelengths. but to a smaller degree. 

The value of using characteristic absorption frequencies in the long wavelength 
region as a complement to the rocksalt region is uniquely demonstrated by the 
infrared spectra of the mono-alky! substituted benzenes. For example the familiar 
(_H stretching and in-plane ring vibrations, which give rise to absorption in the 
3-25 and 6-25 w region, suggest the presence of an aromatic ring. Strong absorption 


arising from the non-planar bending vibrations in the 13 and 14 w region further 
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suggest the presence of a mono-substituted benzene. Thus, the number and position 


of the alkyl substituents are determined through the use of the group correlations in 
the rocksalt spectra, but little information as to the nature of the substituents is 
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Fig. 16. Infrared spectra from 15-35 4 of ortho, meta and para di-substituted alkvlbenzenes. 


4, 1:2-dimethyvibenzene; B, 1:3-dimethylbenzene; c, 1:4-dimethy!benzene 


revealed. By observing the intensity and wavelength of absorption arising from 


the ring deformation vibrations in the 17-5—-22-0 4 region, however, valuable 


information as to the nature of the individual allyl substituent, and consequently 


the identity of the mono-substituted benzene, is obtained. This example indicates 


the power of group frequencies in the combined rocksalt and cesium bromide 


regions in determining molecular structure wit] out reference to spectral files. 
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Ortho substituted alkyl benzenes (Figs. 16, 17) 


The ortho substituted alkyl benzenes are characterized by medium absorption 
in the 16-9-17-3, 19-7—20-7 and 29-32 w regions and by strong absorption in the 
21-4~23-0 u region for the few molecules studied. These bands increase in intensity 
as the molecular weight of the alkyl groups increases. Another weak band at 
24-4-24-7 « was observed to decrease in intensity as the size of the alkyl groups 
increased. The band at 21-4—23 uv is the strongest band in the spectra of the ortho 
isomers in the cesium bromide region. This band may be attributed to the out-of- 
plane ring deformation vibration of class b,. It shifts to shorter wavelengths as 
the molecular weight of the alkyl groups increases and appears to broaden. The 
weak to medium band in the 29-32 uv region also shifts in about the same manner. 


m-Alkyl benzenes (Fig. 18) 

Fairly consistent absorption in the 18-7—19-7 (m), 22-2—23-3 (s) and 31-35 (w) yu 
region identify the m-alkyl derivatives. As in the ortho alkyl benzenes the strong 
band at 22-2-23-3 uw, which has been tentatively assigned to the out-of-plane class 
b,, shifts to shorter wavelengths and increases in intensity as the molecular weight 
of the alkyl groups increases. The magnitude of the shift is not as great as for the 
ortho derivatives. However, the wavelength of the absorption band is not 
appreciably affected by branching in the alkyl groups. 


p-alkyl benzenes (Fig. 19) 


Strong absorption bands in the 17-5-20-8 w region and very consistent, weak 


absorption bands in the 15-5-15-6 mw region were observed in the spectra of the few 


p-alkyl benzenes studied. The strong absorption band at 17-5-20-8 4, which may 
be attributed to the out-of-plane ring deformation vibration of species 5,,,, shifts 
to shorter wavelengths as the molecular weight of the alkyl groups increases. This 
band splits into a medium and strong band in the higher n-alkyl homologs. 
Branching in the alkyl carbon atom linked to the phenyl ring also shifts the 
absorption band to shorter wavelengths. 


1:2;3-Trialkyl benzenes (Fig. 20) 

In the infrared spectra of the few 1 :2:3-trialkylbenzenes studied, very consistent 
absorption was observed in the 15-3-15-5(m) and 18-7-18-9 (s) regions. The 
latter band is the strongest band in the region studied, and on the basis of wave- 
length and intensity this band may be assigned to the out-of-plane ring deforma- 
tion vibration of symmetry type },. In contrast to the direction of shift for this 
band in the mono, ortho, meta and para aisubstituted alkyl benzenes, the strong 
band shifted very slightly to longer wavelengths as the molecular weight of the 
alkyl groups increased. Most of the absorption bands in the spectra of the 
1:2:3-trialkylbenzenes were clustered in the 18-22 ~ region and were of medium 
intensity. 

In the infrared spectra of the 1:2:3:5-tetra-alkylbenzenes studied, strong 
absorption was observed at slightly shorter wavelengths in the 18-3—-18-5 uw region. 
Apparently the fourth substituent on the phenyl ring of these isomers does not 
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Infrared spectra from 15-35 y of meta disubstituted alkylbenzenes. a, 1:3-dimethylbenzene; 
n. l-methvl-3-ethyvlbenzene c, 1:3-diethvibenzene. 
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19. Infrared spectra from 15-35 4 of para disubstituted alkylbenzenes. A, 1:4-dimethylbenzene; 
l-methyl-4-ethylbenzene; c, 1:4-diethylbenzene 
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Fig. 20. Infrared spectra from 15-35 y of tri- and tetra-s ibstituted alkylbenzenes. a, 1:2:3-trimethyl- 
benzene: B, 1:2:3:5-tetramethylbenzene; c, 1:2:4-trimethylbenzene; D, 1:2:4:5-tetramethylbenzene. 
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appreciably affect the position of this absorption band. The 1:2:3- and 1:2:3:5- 
derivatives also absorb strongly in the 30 to 35 u region. 


1:2:4-Alkyl benzenes (Fig. 20) 

Two strong absorption bands at 17-0-18-9 and 22-7-23-0 u, which may be 
tentatively designated as arising from a” type vibrations, identify the 1:2:4- 
trialkylbenzenes. The latter absorption band is the strongest and most consistent 
band in the cesium bromide spectrum for these molecules. A medium absorption 
band was observed in the spectrum of 1:2:4-trimethylbenzene at 31-3 4, but the 
other alkyl derivatives were not studied in this region. 

Although the 1:2:4:5-tetra-alkylbenzenes belong to the same symmetry class 
as the 1:4-dialkylbenzenes, they will be discussed here because the 1:2:4-tri- and 
1:2:4:5-tetra-substituted alkyl benzenes appear to absorb strongly at approxi- 
mately the same wavelength in the cesium bromide region. Only one absorption 
band was observed for 1:2:4:5-tetramethylbenzene (Fig. 20) in the region covered 
by the double-pass Model 21 spectrophotometer. As in the case of the 1:2:3:5- 
and 1:2:3-derivatives studied the position of this band (22-45 u) was at slightly 
higher frequencies in the spectrum of 1:2:4:5-tetramethylbenzene than in the 
spectra of 1:2:4-trialkylbenzenes. It is interesting to note that the same relation- 
ship holds for the 1:2:4:5- and 1:2:4-fluorobenzenes [45, 46] with the exception 
that the latter compounds absorb at somewhat higher frequencies in the 22 u 
region. 


1:3:5-Trialkyl benzenes (Fig. 21) 

The 1:3:5-trialkylbenzenes are characterized by a strong absorption band at 
19-5-20°5 uw (six compounds). This is fairly consistent in wavelength, but shifts to 
longer wavelengths as the molecular weight of the alkyl groups increases or as they 
become branched. It cannot be an analog of the »,, vibration since the forbidden 
€y, Class is resolved into species e”, still doubly degenerate and not active in the 
infrared. Strong absorption was also observed in all the alkyl benzenes studied in 
the 25-35 uw region except 1:3:5-trimethylbenzene. This band appears to shift to 
shorter wavelengths as the alkyl groups increase in size. 


General correlations for the substituted alkyl benzenes 

It has been found from a study of the Raman spectra of benzene derivatives 
that, of the disubstitution products, the 1:4-substituted benzenes are decidedly 
less rich in lines than the 1:2- and 1:3-benzenes, and that, of the tetrasubstituted 
molecules, the 1:2:4:5-benzenes are less rich in lines than the 1:2:3:4- and the 
1:2:3:5-substituted benzenes [50]. This is true because the 1:4- and 1:2:4:5- 
substituted benzenes are more symmetrical than the others and therefore a number 
of Raman lines are forbidden for them, whereas for the others all Raman lines are 
allowed. 

The number of absorption bands in the infrared spectra of the isomeric alky] 
benzenes in the cesium bromide region follows the same pattern observed in the 
taman spectra. Fewer absorption bands were present in the spectra of the 1:4, 


(50) Herzperc G., Infrared and Raman Spectra of Polyatomic Molecules p. 367. Van Nostrand, New York 
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1:3:5 and 1:2:4:5 than the other derivatives. The 1:2, 1:2:3 and 1:2:4-derivatives 
were fairly rich in absorption bands. 

The intensity of the absorption bands is another clue to the structure of these 
molecules. The mono-, o-, m- and p-alkylbenzenes absorb strongly in the cesium 
bromide region, particularly in the case of the out-of-plane ring deformation 
vibration. The para-isomer absorbs somewhat more strongly than the ortho- and 
meta-isomers. Fairly strong absorption was also observed in the infrared spectra 
of the 1:2:4- and 1:2:4:5-derivatives, while the 1:2:3- and 1:3:5-derivatives exhibit 
fairly weak absorption in this region. 
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Wavelength position of absorption arising from the 
deformation vibrations of substituted benzenes 
In general, strong absorption resulting from the out-of-plane ring deformation is 

more useful in indicating the individual alky! benzene isomers. The position of 
this absorption band for the various isomers studied is shown in Fig. 22. In the 
monoalkylbenzenes this absorption covers a fairly wide range of the cesium bromide 
spectrum, but as the substitution increases the absorption occurs in a narrower 
region of the spectrum. The para-isomer absorbs at shorter wavelengths than the 
ortho- and meta-isomers and is less consistent in wavelength. The meta-isomer 
absorbs at slightly longer wavelengths than the ortho-isomer and is the most 
consistent. In the trialkylbenzenes the position of this band was very consistent 
for the few molecules studied. The 1:2:4-derivatives absorbed at longer wave- 
lengths than the 1:3:5- and 1:2:3:- derivatives respectively. The 1:2:3 5- and 
1:2:3:4-tetra-alkylbenzenes studied absorb in approximately the same spectral 
region as the respective trisubstituted derivative, but at slightly shorter wave 
lengths. In general, shifts within the characteristic regions give some indication as 
to the nature of the alkyl substituents linked to the aromatic ring. 


Diphenyl methanes ( Figs. 25, 24) 
Some interesting correlations were observed in the spectra of a series of dipheny! 
methanes. The infrared spectra of these molecules have many strong absorption 


195 


(35) 
s 
(27) 
(27) 
(6) 
s 
15 (3) 
059 
(3) 


F. F. Bentiey and E. F. Woirartu 


WAVE NUMBERS IN 


400 250 


2-MNETHYLOIPHENYL 


METHANE 


D> 


TRANSMIT TANCE 
oO 


2 
| 


PERCENT 


B-METHYLOIPHENYL 


METHANE 


TANCE 


v 
< 
<a 


PERCENT 


— 


4-METHYLOIPHENYL 


METHANE 


MITTANCE 


e 
> 


TRAN 


PERCENT 


25 | 30 
WAVE LENGTH IN MICRONS 


Fig. 23. Infrared spectra from 15-35 4 of methyl substituted diphenylmethanes. a, 2-methyldi- 
phenylmethane; B, 3-methyldiphenylmethane; c, 4-methyldiphenylmethane. 
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Fig. 24. Infrared spectra from 15-35 yu of ethyl substituted diphenylmethanes. a, 3-ethyldipheny! 
methane; B, 2-ethyldiphenylmethane; c, 4-ethyldiphenylmethane. 
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bands, several of which are fairly constant in wavelength. The infrared spectra 
from 15 to 35 uw of 2-, 3- and 4-methyldiphenylmethane and 2-, 3- and 4- ethyl- 
diphenylmethane are shown in Figs. 23 and 24. 


Two weak, but very consistent, absorption bands are observed in the spectra 
of the diphenylmethanes in the 14-9-15-1 mw [22] and 24-6—-24-9 w regions. The 
former band is masked by the strong absorption due to the non-planar CH 


bending vibrations of the phenyl ring and is observed as a shoulder if thin cells 


are used. These bands appear to be analogous to the weak absorption bands 


observed in the 15-9-16-3 and 24-5-25-0 uw regions in the spectra of the monoalkyl 


substituted benzenes. 
The diphenyl methanes studied are characterized by strong absorption in the 
16-0—17-0, 18-0-19-1 and 20-3—23-3 uw regions. The first absorption band is the most 


consistent in wavelength, and in the 2-alkyl diphenyl methanes weak side bands 


are observed on the high-frequency side of this band. Only a weak absorption 
band is observed for 4-methyldiphenyl methane in the 18-0-19-1 w region, which 
is the only exception to this correlation. The absorption band in the 20-3-23-3 u 


region apparently arises from the out-of-plane bending vibration of the phenyl 


ring. It is usually the strongest band in the cesium bromide spectra of these 
molecules and is usually split into two bands. The position of the absorption band 
shifts to shorter wav elengths as the molecular weight of the alkyl groups increases, 
and in the case of the n-alkyl diphenyl methanes the wavelength separation of 
the two bands gradually increases. The para-isomers absorb on the short-wave- 
length side of the indicated region and the meta-isomers at the long-wavelength 
side. The ortho-isomers assume the intermediate position at slightly shorter 


wavelengths than the mefa-isomers. 


Polynuclear hydrocarbons 


The infrared spectra of about fifty polynuclear hydrocarbons, most of which 


were of high purity, were studied in the cesium bromide region. The infrared 


spectra of naphthalene, anthracene and biphenyl! and the few 2-alkyl-naphthalenes 


studied were not very rich in absorption bands. The only strong band in their 


spectra appeared quite consistently at 21-2—21-8 uw. On the other hand the infrared 
spectra of l-alkyl naphthalenes, substituted biphenyls and the 1:2:3:4-tetrahydro- 


naphthalenes were very rich in absorption bands. Anthracene and phenan- 


threne derivatives were not included in this investigation. It is interesting to 


note, however, that the strong absorption band apparently arising from an out-of- 


plane bending vibration of the ring systems is present in the spectra of the 


parent compounds (Fig. 25). 


Naphthalene hydrocarbons (Figs. 25, 26) 


There has been a considerable amount of experimental work on the infrared and 


Raman spectra of naphthalene. This effort is summarized in two recent papers 
[51,52]. Assignments for the out-of-plane vibrational frequencies of naphthalene, 


based on calculations using force constants transferred from benzene. were 


arrincotT E. R. and O’Reiuty E. J., J. Chem. Phys. 23, 238 (1955). 
52) McCieuian A. L. and Prwewrec G. C., J. Chem. Phys. 23, 245 (1955). 
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suggested by Scutty and Wuirren [53]. The infrared spectra from 15-35 yu 
of the few alkyl naphthalenes obtained in this study present some interesting 
correlations and demonstrate the influence of substitution on the complexity of 
the spectra. 

The |-alkylnaphthelenes are rich in bands, and absorption in the 15-5—16-2, 
16-9-17-7 (m to 18-8—191 (s), 20-3-21-4 (s) and 23-0—-24-9 (vs) uw regions serves 
to identify these compounds. The bands in the 15-5-16-3 and 20-3-21-3 w regions 
are also present in naphthalene and other substituted naphthalenes. The latter 
band shifts to shorter wavelengths as the size and complexity of the alkyl groups 
increases. The absorption bands in the region from 16-9—-17-7 m increase in intensity 
and are split in the propyl derivatives. In the few compounds studied (methyl to 
n-pentyl) the very consistent absorption at 18-8—19-1 ~ decreases slightly in 
intensity as the molecular weight of the alkyl substituents increases. The 
characteristic features of the very strong absorption band in the 23-0—-24-9 u 
region are analogous to those observed for strong absorption attributed to the 
out-of-plane bending vibrations in the substituted benzenes. 

In contrast to the l-alkylnaphthalenes, the 2-alkylnaphthalenes are charac- 
terized by simple spectra in the long-wavelength region. In the few compounds 
studied, their spectra resemble the spectrum of naphthalene. It is interesting to 
note that the strong absorption band in the 23—24-9 w region, which served to 
identify l-alkylnaphthalene derivatives, is not present in the spectra of the 
2-alkylnaphthalenes. In the few 2-alky! derivatives studied, consistent absorption 
bands were observed in the 16-0—16-4 and 21-0—21-5 wu regions and served to identify 
this structure. Weak, but less consistent, absorption bands were observed in the 
245-28 region. 

The complex spectra exhibited by the l-alkylnaphthalenes compared to the 
simple spectra of the 2-alkyl-naphthalenes are illustrated in Figs. 25 and 26. The 
isomeric methyl naphthalenes differ only in the position of the methyl groups on 
the naphthalene ring, but their spectra are spectacularly different. The spectrum 
of 1-methylnaphthalene is rich in strong absorption bands, while the spectrum of 
2-methylnaphthalene (obtained as benzene solution and Nujol mull) possesses only 
a few absorption bands. When recorded in cells with the same pathlength the 
absorption band at 21-2 uw (0-50 g/em* in benzene) in the spectrum of 2-methyl- 
naphthalene is slightly more intense than the strong bands at 18°8 and 24-5 u 
(obtained as pure liquid) in the spectrum of 1-methylnaphthalene. 

The spectra of the 1:2:3:4-tetrahydronaphthalenes were quite complex, but 
absorption in the 21-8-23-6 4 is useful in identifying these molecules. The 
absorption bands in this region were very strong for 1:2:3:4-tetrahydronaphthalene, 
l-alkyl-, 2-alkyl- and 6-alkyl-1:2:3:4-tetrahydronaphthalenes, but weak for the 
5-alkyl-1:2:3:4-tetrahydronaphthalenes studied. In the latter series of compounds 


very strong absorption bands were observed in the 29-35 yw region. 


Biphenyl hydrocarbons (Fig. 27) 
A few 2-alkyl- and 3-alkyl- substituted biphenyls (twelve compounds) were 
included in these studies and absorption bands in the 14-9—15-1 (m), 16-2—16-4 (s), 


{53] Scutty D. B. and Wutrren D. H., J. Mol. Spectroscopy 1, 257 (1957). 
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17-4—19-3 (vs), 20-5-22-5 (vs) and 24-5-25-1 (m) w regions appear to be charac- 
teristic of these molecules. The absorption bands in the 16-2—16-4, 20-5—-22-5 and 
24-5-25-1 uw regions are also observed in the spectra of other biphenyl! derivatives. 
The first band is the most consistent in the spectra of the biphenyls studied and its 
intensity does not vary appreciably, whereas the latter absorption decreases in 
intensity as the alkyl groups increase in size. It is strong in the spectrum of 
l-methyl-2-phenyl benzene but weak in the spectrum of 1-n-butyl-2-phenyl- 
benzene. A cluster of very strong bands are observed in spectra of the alkyl- 
substituted biphenyls in the 17-4—-19-3 and 20-5—-22-5 uw regions, and variations in 
these bands give some information as to the nature of the alkyl substituents. 
Few differences exist in these correlation bands for the 2-alkyl and 3-alkyl 
biphenyls, but the latter absorbs more consistently in the 21-9-22-5 mw region with 


only weak absorption bands in the 30-35 w region, while the 2-alkyl biphenyls 


possess medium absorption bands at 29-31-6 


Spectra-structure correlation charts 
Spectra—structure correlation charts showing the probable positions of the 
characteristic absorption frequencies of the alkanes, alkenes, cycloalkanes and 
aromatic hydrocarbons are shown in Figs. 28 and 29. The spectra—structure charts 
are linear in frequency (cm~!). The name or structure of each class of compound 
is given in the left margin of the chart and the number of individual molecules 
studied in each class is given by the small numbers in parenthesis. The horizontal 
lines in the chart indicate the frequency range in which the characteristic 
absorption frequencies of a given structure are expected to occur. The small letters 
above the lines indicate the intensities of the characteristic absorption frequencies 
in relation to other absorption frequencies in the cesium bromide region. These 
letters, V, W, M, 8S, M-S, indicate variable, weak, medium, strong and medium-to- 
strong absorption bands respectively. Although many of the empirical assignments 
appear quite specific for certain groups, some of the assignments are tentative and 
should be used with discretion. Some of the group frequencies used in this chart 
were abstracted from the literature, but the bulk of the correlations were made 
from the unpublished work conducted at this Center. 
Acknowledgements—The authors wish to thank Mrs. H. Marsu, Mrs. N. E. Srp and Mr. W. R. 
PowELL of this Centre for their assistance in recording some of the infrared spectra used in this 
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Abstract—The Raman spectrum of liquid N,O, at 10°C has been reinvestigated using the 
$358 A Hg line for excitation. In addition to lines which had been reported earlier for the solid 
and liquid, one new line at 666 em”! was observed. This line was too weak to have its qualitative 
depolarization ratio determined, but such ratios have been obtained for the remaining Raman 


lines for the first time. Some conclusions on the assignment of the spectrum of N,¢ ), are presented, 


Introduction 

AmoneG the higher oxides of nitrogen, N,O,, N,O, and N,O,, the only member for 
which thermodynamic [1], spectroscopic | 2—5] and structural |6, 7|dataareavailable 
is N,O,. The vibrational analysis of this molecule, therefore, will be of considerable 
interest in elucidating the properties of the remaining two dinitrogen oxides. 
It was pointed out in an earlier paper [2], however, that an unequivocal assignment 
of the vibrational spectrum of N,O, was still not possible with the existing data. 
It was suggested then that the depolarization ratio studies of the Raman lines may 
afford a solution to this difficulty. 

Previous Raman studies on N,O, have been reported by SuTHERLAND [5] for 
the solid and by GoULDEN and MILLEN [4] for the liquid. Since the solid is color- 
less, SUTHERLAND was able to obtain the spectrum using the 4358 A Hg line for 
excitation. However, liquid NO, is colored even at temperatures near its freezing 
point because of appreciable concentration of NO, which absorbs strongly in the 
blue region of the visible spectrum. GovuLpEN and MILLEN therefore used the 
5461 A Hg line for excitation, although the dispersion of their spectrograph in this 
region was poor compared to that in the 4358 A region. No depolarization ratio 
studies have been reported by either of these investigators. 

We have reinvestigated the Raman spectrum of liquid N,O, at —10°C and 
have succeeded in obtaining qualitative depolarization ratios of most of these 
observed lines. By controlling the temperature of the liquid so that it remained 
close to the freezing point, we have been able to use the 4358 A Hg line for excita- 
tion. Depolarization studies were made by using a single exposure method with 
a split Polaroid sheet at the entrance slit of the spectrograph. 


nm Was supported by a research grant S-63 from the Division of Sanitary Engineering 
Health Service. 
Northern Utilization Research and Development Division, U.S. Department of 
Iilinois. 
and Kemp J. D., J. Chem. Phys. 6, 40 (1938). 
and Hisarsune I. C., J. Moltroscopy Spec. 1, 139 (1957). 
N. and Nrxow E. R., J. Chem. Phys. 26, 906 (1957). 
LDEN J. D. 8S. and Mitten D. J., J. Chem. Soc. 2620 (1950). 
rHERLAND G. B. B. M., Proc. Roy. Soc. London A 141, 535 (1933). 
Smita D. W. and Heppere K., J. Chem. Phys. 25, 1282 (1956). 
Broapiey J. 8. and Rosperrson J. M., Nature 164, 915 (1949). 
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The Raman spectrum of liquid dinitrogen t troxide 


Experimental 


gas as follows. 


Samples of N,O, were prepared from the Matheson Company lecture bottle 
The gas was first dried by repeatedly passing it through a column containing glass beads coated 
with phosphorus pentoxide. The sample was then allowed to react with excess purified oxygen 
Several distillations were made and finally tl 


until the condensed solid was colorless. his sampl 
The sample remained a brown 


was distilled directly into the Raman tube under vacuum. 
colored liquid in the sealed tube at room temperature. 
A Hilger E-612 Raman spectrograph with a {/5-7 camera was used in this work. The spectra 


were recorded photographically using Eastman Kodak spectroscopic plates with 103a emulsion 


Fig. 1 \ cross-section diagram of a 
low-temperature Raman _ excitation 
source. The lower base is that of a 
Hilger Raman Source Model FL-1. For 
description of the parts see text. 
which were in the sensitized Class E, O or J. These plates were developed according to the spec 
fication of the manufacturer and the spectrum read with a travelling microscope. Raman shifts 
were calculated by using the iron spectrum taken on the same plate. Wavelengths of the iron 
spectrum were obtained from the MIT Wavelength Tables [8]. 

A Hilger Raman Source Model FL-1 was modified as shown in Fig. 1 for the low temperatur 
work [9]. The housing was enlarged so that a standard Hilger Raman sample tube could be 
placed inside an unsilvered Pyrex Dewar flask of size 2-7 em i.d. by 4:5 em o.d. by 25 em length. 
The bottom of this Dewar was made optically flat with a vacuum space of about 2 em. A water 
cooling jacket was placed around this Dewar with about 5 mm space between the walls of the 
two glass pieces to allow for the insertion of plastic filter sheets. The 4358 \ Hg line could be 
effectively isolated by using gelatin sheets containing rhodamine 5GDN-extra dye and Eastman 
Kodak Wratten 2B filter sheets. Both the Dewar and the cooling jacket were supported by a 
removable metal cup which was lined with asbestos and cork insulation. 

The outer housing was of metal construction and was supported rigidly by the source stand. 


The four low pressure mercury lamps are those from the Hilger source. Since these lamps dis- 
heat, the end plates and the walls were water cooled by means of copper 


sipate considerable 
R. (Editor) M.J.T Wavelength Tables. John Wiley, New York (1939). 


Harrison G. 
Thesis, Kansas State College Library, Manhattan, Kansas (1958). 


(9) Firzstmmons R. N., M. 8. 
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ib s soldered directly on them. Additional cooling was accomplished by having a stream 
of air flowing through the housing and by an external electric fan. The lamp sockets at the two 
end plates provided good thermal contact between the lamp terminals and the cooled housing 
walls. The inner surfaces of the housing was coated with an ethanol suspension of Tif », baked 
on at 150°C, This durable coating was found to be very effective in increasing the light intensity. 
The Raman sample tube was centered in the Dewar flask by a metal ring at the bottom and 
a cork at the top. The Dewar was centered in the optical path by a rubber coated metal ring at 
nd a bored cork which was cemented to the bottom and which fitted over the light tube 
rer Source stand. A fiber glass insulation and an aluminum ring held the water jacket 
the metal housing. The Ly war asst mbly or the sample tube could be removed 

g upward. 
ube in the Dewar could be cooled either by a flow of cold gas or by a liquid 
refrigerant in the Dewar. For the former method, which was used in this work, a 6 mm o.d. 
Pyrex tubing which was sealed at the end and had several holes cut along the side was inserted 
h the cork he top of the Dewar. Dried air passed through a dry-ice acetone bath or 


nitrogen from boiling liquid nitrogen was connected to this tube. The temperature inside the 

Dewar was controlled by the flow te of the cooling gas. In the present work the temperature 
of the runs were kept at abo le, 

tative depolarization studies of the strong Raman lines were made inthe following manner. 

eld was inserted into the Dewar vessel so that the sample was irradiated only in the 

gh the axis of the sample tube and which made an angle of 45° with the 

ntrance slit of the spectrograph. Two Polaroid sheets were placed side-by- 

ie entrance slit so that the adjoining edge of the two sheets made an angle of 

raph vertical axis. On one side of the adjoining edge, the Polaroid polarized 

vector was parallel to the adjoining edge. The sheet on the 

same ligl » that the electric vector was perpendicular to the 

the slit was adjusted to about 3mm with a V-shaped wedge. With 

nent a sin exposure gave simultaneously the two spectra resulting effectively 

tions by light polarized parallel or perpendicularly to the sample tube axis. These 

ch were exposed one over the other showed polarized lines with greatly different inten- 

two spectra, and depolarized lines with similar intensities in both (see Fig. 3). This 

suited for this work since long exposures were required to obtain the 

um. The method of two exposures [10) was also tried but the results were not 


: for it was difficult to match the exposure times properly. 


Results and discussion 


Frequencies, relative intensities and qualitative depolarization ratios of the 


Raman lines in liquid N,O, obtained in this work are listed in Table 1. The esti- 
mated uncertainties listed are based on average deviations over about twelve 
spectra. A densitometer trace of a typical plate is shown in Fig. 2. Outside of the 
new Raman line at 666 em~!, which has not been reported before, the present 
results are in good agreement with the previous works which are also listed in the 
same table for comparison. 

In the depolarization measurements, the 265 cm~' line was usually overexposed 
in the time necessary to observe the remaining strong lines. The optimum exposure 
time for this line was too short for the others to be registered on the same plate. 
Thus a possibility could exist that the attenuation in intensity may be due to other 
factors beside polarization since there were no depolarized lines with which to 
compare. Several exposures were therefore made with N,O, in CCl, solution. A 
densitometer trace of one of these plates is shown in Fig. 3. It should be noted 


(10) Epsatt J. T. and Wirsow E. B., Jr., J. Chem. Phys. 6, 124 (1938). 
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that both spectra in this figure were taken simultaneously side by side. The 265 
em~' Raman line which appears between the two depolarized CCI, lines appears 
definitely to be polarized. The depolarization ratio of the 666 cm~! line could not 
be determined since it was too weak. 

The results of the present investigation not only confirm what had been ex- 


pected all along, but they also clarify the assignment of a fundamental band which 


was expected to be around 680 cm~! and which gave rise to one of the Fermi 
doublet Raman lines observed in the 1360 em~! region. As was predicted in the 
earlier paper [2], one of these lines is due to the first overtone of a Raman active 
fundamental which is undoubtedly the newly observed line at 666 cm-!. The 
remaining line is due to the symmetric NO stretching mode. From intensity con- 
sideration, it seems reasonable to assign the stronger line at 1380 em! to the 
stretching mode and the weaker line at 1325 em~' to the first overtone of 666 em=! 
line 

A weak band present in the infrared spectrum of gaseous NO, at about 680 em~! 
must therefore be explained as a combination band. As suggested previously [2], 
one possible combination is 430 + 265 = 695 cm-!. A pair of infrared bands at 
652 and 667 em~', observed by Wrener and Nrxow [3] in the spectrum of solid 
N,O, enriched with '°N, can be adequately explained as bands arising from iso- 
topic N,O, molecule of lower symmetry. 


The present depolarization ratio studies will now enable us to assign the A, 


symmetry modes unequivocally. A question still remains as to which of the two 
depolarized lines at 481 and 666 cm~! should be assigned to the B,, class, but a 
normal co-ordinate analysis will probably assist in settling this question. 
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The triplet-singlet emission spectra of phenanthrene and related 
compounds in EPA and in petroleum ether at 90° K 
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Abstract——Phosphorescence spectra of phenanthrene, 5:6-benzoquinoline and 7:8-benzoquinoline 
have been studied in EPA and in petroleum ether at 90°K. The spectra have similar structures 
and their vibrational analyses have been discussed. For this purpose Raman, infra-red and 
ultra-violet spectra of these compounds have also been studied. 


Introduction 
THe green phosphorescence of phenanthrene was first observed by Tieps [1] in 
boric acid phosphor and in alcohol at 170°C in 1923. Kasua [2] identified it as 


due to the triplet—singlet transition and reported the position of the phosphor- 


escence level at 21,740 em~! in 1947. In 1949 McCLuRE [3] gave 3-3 + 0-3 see for 
the lifetime of the triplet state (7, 21,600 em~') and 0-3 for the ratio of quantum 
yields of phosphorescence and fluorescence. This ratio was also studied by 
ZELINSKII ef al. [4] in 1956. It was 0-22 in ethyl aleohol and 0-4 in ethy! alcohol 
including potassium iodide. The influence of media on the rate of decay of the 
phenanthrene phosphorescence was studied by SvesHnikov and Perroyv [5]. 
The lifetime was ca. 4-5 see and identical in n-hexane, in ethyl alcohol and in 
MgO-MgCl, cement, but was about 1-5 see in borie acid phosphor. On the other 
hand, Dikwuw [6] had found in phenanthrene vapour at 150°C that there were two 
types of luminescence, one short- and the other long-lived. He concluded this 
from measuring the total intensity of emission during excitation and the initial 
intensity of the long-lived luminescence (phosphorescence). ‘The short-lived (blue) 
and the long-lived (yellow) emission showed practically the same structure. 
1951, Dikuwn et al. [7] reported 3-5 sec for the lifetime of the yellow spect 

(¥,, = 24,000 em!) and 1-6 see for that of the blue spectrum. However, 
lifetime of the blue spectrum seems much too long to be reasonably interpreted as 
a fluorescence spectrum and even if it is assumed to be a phosphorescence spectrum 
the position of the phosphorescent state is different from that given by KasnHa and 
McCLure. 

The singlet—triplet absorption spectrum was observed by Evans [8]. The 
spectrum appeared well-defined when using the perturbation effect of oxygen at 
high pressure. The 0,0-band of the system was found at 21,600 cm~' in agreement 

Tepe E. and Racoss A., Ber. deut. chem. Ges. 56, 655 (1923). 

KasHa M., Chem. Revs. 41, 401 (1947). 

McCivre D. 8., J. Chem. Phys. 17, 905 (1949) 

Zeunsku V. V., Emets N. P., Kotopxov V. P. and Prxvuik L. G. Jzvest. Akad. Nauk SSSR 

Ser. Fiz. 20 507 (1956). 

Svesunikov B. Y. and Perroyv A. A., Doklady Akad. Nauk SSSR 71, 461 (1950). 

Dikun P. P., Zhur. Eksptl. i Teoret. Fiz. 20, 193 (1950). 


Dikxun P. P., Petrov A. A. and Svesunikov B. Y., Zhur. Eksptl. i Teoret. Fiz. 21, 150 (1951). 
Evans D. F., J. Chem. Soc. 1351 (1957). 
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with the data by McCiure. The triplet-—triplet absorption spectrum of phenan 
threne was studied by McCiure [9], Porter and Winpsor [10], and Crare and 
Ross [11 This absorption was also observed in the \ apour phase by PORTER and 
Wrienut [12]. Craie and Ross reported also the triplet—triplet absorption spectra 
of 5:6-benzoquinoline and 7:8-benzoquinoline whose chemical structures are 
similar to that of phenanthrene. 

We studied the triplet—singlet emission spectrum of phenanthrene in EPA and 
in petroleum ether at 90°K and ascertained that the position of the triplet state of 
phenanthrene agreed with data by Kasna and McCiure. We also studied the 
triplet—singlet emission spectra of 5:6 benzoquinoline and 7:8 benzoquinoline for 
comparison. Vibrational analyses of the spectra of these three compounds will 


be discussed. 


Experimental 


phenanthrene used was obtained from Tokyo Kasei Co. Following BacuMann’s 


t was recrvstallized from ethanol, then dissolved in glacial acetic acid and 


ion of chromic anhydride and concentrated sulphuric acid. 
washed with water and then distilled over sodium and 


ol. The melting p 


nt was 99-5 5-6-Be nzoquino- 


Assist. Prof. Yosurno of our Chemistry 


done in same way for both compounds. Thev were 
entrated sulphuric acid was added to the solution. After 
i vate} and an aqueous solution containing 
to the solution. The precipitate was 
ed three times. The rr Iting port of 
line 
Ethyl ether was shaken with a 10% 
d sodium chloride solution contamung a 
solution containing a small amount of 
acid. The ether was washed with 
After elaborate washing with a 
m chloride, passed through a fre shly 
fractionally over sodium with a long column 
okvo Kasei Co. This was almost pure enough and 
hol of 99-5 purity was distilled with concentrated 
r several hours with a silver nitrate solution containing a small 
xine. After distillation it was c mpl tely dried by refl ixing twice with 
n passed through a fresh silica gel column and finally fractionated carefully 


+) 


glass helices. The ethyl! ether, the cs pentane and the ethyl alcohol 


2 (v/v/v) before making a sample solution. For the purification 


ilar caution had to be taken in order to remove aromatic hydrocarbons 


vd in commercial petroleum ether. Petroleum ether was \ igorously 
meentrated sulphuric acid and then with fuming sulphuric acid until no colour was 
was again shaken with f iming nitric a idl, sulphuric au id, water, a conc ntrated 
aqueous solution of sodium hydroxide and a potassium permanganate solution 


contaming 
sodium hydroxide in order. 


During the shaking process the solution was cooled with cold water 

to avoid evaporation. After careful washing with water the ether was dried with calcium 
9| McCirre D. 8.. J. Chem. Phys 19, 670 (1051 

10) Porter G. and Wirxpsor M. W., J. Chem. Phys 21, 2088 (1953); Discussions Faraday Soc. No. 17, 

178 (1954 

11) Crare D. P. and Ross I. G., J. Chem. Soc. 1589 (1954) 

12| Porter G. and Waienrt F. J., Trans. Faraday Soc. §1, 1205 (1955) 

13) Bacumann W. E., J. Am. Chem. Soc. §7, 555 (1935) 
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chloride, then passed twice through a freshly activated silica gel column, and finally distilled 
over sodium. The fraction from 35° to 65° was collected. The blank tests showed that the EPA 


and the petroleum ether themselves had very faint green or almost no luminescence. 
The phosphors scence cell and the ph sphoroscope used in this work were similar to those 


devised by Heckman [14]. The phenanthrene, 5:6- and 7:8-b« nzoquinolines were ssolved in 


EPA and in petroleum ether at 10-? and 10-3 mole/I. A sample solutio as cook | d air 
temperature and excited with an unfiltered 400 W high pressure 


HL—400-P. It emitted blue ph horescence. 


mereury arc lamp of Toshiba 
This was photographed with a glass prism 


spectrograph which had been constructe« \ is. It inel ided two heavy flint prisms of 12 em 


in height and 18 em in base length of th 1des, Thu llimator and camera lenses \ re both 
12 em in diameter and had 60 em fo length. The dispersion around 4500 A was 19 A/mm. 
Exposure times ranged from 10 mint th a slit width of 100 ” on Eastman Kodak 103a-F 


plates. It is believed that the 1 <im pret nh was 20 em™! for the sharper ba 


very broad and diffuse bands the 1 accuracy of the measurements was pri 


greater than 50 


It is necessary to have vibrational data for the compounds in order to make vibrational 


analyses of their phosphorescence spectra. Although detailed Raman data of phenanthrene are 


available, its published infra-red data looked incomplete. Besides, no data have been reported 


on the vibrational spectra of the benzoquinolines. We took their Raman spectra in the molten 


state with the spectrograph mentioned above. Its dispersion is ca. 17 A/mm at 4358 A. A hot 
filter solution saturated with sodium nitrite was circulated through a water jacket of a Wood tube 
in order to eliminate the 4047 A line and keep these samples in their molten state in the tube. 
As the sample s, especially 5:6-benz mpuinoline, became slightly decomposed even with the 
filtered light, they were frequently replaced with fresh ones. 


Exposure times ranged from 2 to 
8 hr with a slit width of 50” on Eastman Kodak Tri-X film. 


Unfortunately, 5:6-benz 


gave a fairly strong fluorescence under illumination, and only a few Raman lines were obtained 
on a continuous background. 

Infra-red spectra of these compounds were measured in solution with an Infra-red Spectro- 
meter Model DS-201, made by the Institute of Optical Research in Tokyo and located in the 
Pharmaceutical Department of Kyushu University. Rock-salt cells of 60 « in thickness were 
used throughout the measurements. 

The ultra-violet absorption spectra of these compounds were obtained on the vapours at 
various temperatures ranging from 50° to 230°C, using a cell of 40 c¢m in length and a large 
quartz spectrograph. The vapour spectra were traced with a microphotometer made by the 
Institute of Physical and Chemical Research, Tokvo. In addition spectra were measured on 
solutions of 10-* and 10-4 mole/I. in ethanol and in n-hexane at 20°C with a Shimadzu Spectro 
photometer QB-50. 


Results and discussion 


The triplet—singlet emission spectrum of phenanthrene was observed in EPA 


and in petroleum ether at 90°K. The microphotometer tracings are presented in 


Fig. 1. The spectral data and the analysis are givenin Table 1. Before commenting 
on the vibrational analysis the symmetry properties of the electronic states of 
phenanthrene will be discussed. KLevens and PLarr [15] gave 'L, for the lowest 
excited singlet state and McCiure [16] proved from a study of the absorption 
spectrum of a single crystal of phenanthrene that the transition moment lies along 
the short axis of the molecule in agreement with KLEVENS and PLAT?’s result. The 
lowest excited singlet state is of 1A, symmetry since the molecule belongs to point 
group C,,. The ultra-violet absorption spectra of phenanthrene in the vapour at 
130°—160°C and in solutions in ethanol and in n-hexane at 20°C are shown in Fig. 2 


14) Heckman R. C.,. al yectroscopy 2, 27 (1958) 


15} Kuevens H. B. and J. Chem. Phys 
16) MeCiture D ay) 25, 481 (1056 
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18000 19000 20000 21000 22000 


cm 


lable 1. Phosph rescence spectrum of phenanthrene 


In EPA In petroleum ether 
10-* mole/l. at 90°K mole/L. at 90° K 
Analysis 
Wave Wave 
Intensity 


Intensity 
number number 


21,720 21,660 
21,315 7 21,255 106 
P05 1160 or 1144 
1347 
1400 1437 
1608 
1608406 
1608406 
1608-1160 
1608-1400 
1608 
3625 £035 1608 106 
1090 O15 1608 406 
4615 05 1608 2 1400 


& 
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INP_E 

VOL. 
15 

— 

> 

4 

214 


The triplet—singlet emission spectra of phenanthrene and related compounds 


29000 30000 31b00 32000 ‘34000 38000 
cm 
Fig. 2. Ultra-violet absorption spectra of phenanthrene 
(1) - - — + —im vapour at 160°C (with arbitrary unit). 
(2 ---1n ethanol at 20°C. 


3 in n-hexane at 20°C, 


Table 2. Phosphorescence spectrum of 5:6-benzoquinoline 


In EPA In petroleum ether 
10-3 mole/l. at 90°K mole/l. at 90°K 
Analysis 
Wave Wave 


Intensity Intensity Ap 
number number 


21,865 0 21,880 0 0 
21,460 405 21,475 7 405 105 
21,060 21,075 805 105 
20,730 : 1135 20,745 4 1135 1133 

| 


20,505 1360 20,520 j 1360 1360 
20,250 1615 20,265 1615 1605 
19.845 2020 19.860 f 2020 1605—405 
19,440 2425 19,460 2420 1605-405 
19,125 3 2740 19,130 3 2750 1605-1133 
18,890 j 2975 18,905 j 2975 1605-1360 
18,650 j 3215 18,640 3240 1605 

18,245 : 3620 18,250 3630 1605 

17.835 4030 17,850 4030 1605 

17,520 4345 17,520 4360 1605 
4 


17,060 : 4805 17,045 835 1605 


¢ 
400 
300 A 
| f j | 
' 2 
| vi j 
ji 4 10,000 
“1 / 8,000 
j | 
ie 7,000 
6,000 
A | | 5,000 
15 
4 A 
» 
$05 
105 x 2 
1133 
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The ordinates for the vapour spectrum are in arbitrary units. This system belongs 
to the first absorption region (1A, <— 'A,) as shownin Table 4. The vapour spectrum 
was not as sharp as the solution spectra. Although there are many papers |17] 
that include the absorption curves of phenanthrene, we recorded the absorption 


again for comparison purposes with absorption curves of the 5:6- and 7:8-benzo- 


quinolines. For reference, the second system was also observed and its spectral 


3. Phosphorescence spectrum of 7:8-benzoquinoline 


In petroleum ether 
10>? mole/l. at 
Analysis 
Wa Wave 


. Intensity Intensity 
number number 


21,790 0 21,710 
410 21300 
000 , 20.000) 


1140 90560 
20,440 j 1350 20,540 


20,190 1600 20.110 1600 
19.780 2010 19.700 2010 
l 2410 19.200 24270) 
19.0507 y 2740 18.060 d 2750 
2930 18.740 j 24070 
3200 IS.510 3200 
3600 18,100 S6L0 

17.700 sO10 

17,1307 $580 


16.900 : 


18.500 


18.190 


data and the analysis are listed in Table 4. The transition is 'B,<'A,. The 
y-axis was put in the molecular plane. Very recently Kuarrronova [18] observed 
both systems in the vapour and they appear to be shifted to the shorter wavelength 
side from the position of our spectrum. The lowest triplet state from which 
emission occurs to the ground state must be a *B,. This transition *B, — 1A, is 
allowed by symmetry but forbidden by spin multiplicity. The transition moment 
lies along the long axis. Ham and RuEDENBERG [19] calculated the position of the 
lowest triplet state *L, of phenanthrene at 22,900 cm~'. A lifetime of about 3 sec 
was estimated visually for the phosphorescence. The strong band at 21,720 em~! 
in EPA or at 21,660 cm~! in petroleum ether was assigned to the 0,0-band of the 
system in agreement with previous data |2, 3]. This shows a blue shift, while there 
was a red shift of 50cm! between the positions of the 0,0-bands of the first 


singlet—singlet absorption spectra of phenanthrene in ethanol and in n-hexane. 


Index for 1930-1954, Academic 


Table 

10 0 

‘ 

2 S10 409 9 

5 52 

6 1370 0 1370 

| 1407 
O-1597 

597 VOl 
00-1597 409 VULe 
0-1597- 409 15 
0-—1597-1 152 
0-1597 1370 

0 1597 409 

O-1597 2—1370 

17,0507 2 4740 0-1597 3 
4 

4 
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Table 4. Ultra-violet absorption spectrum of phenanthrene 


The first absorption system ('4,<——'A 


1 ) 


In ethyl aleohol 
mole/l. at 


10-3 


Band 
Wave 


number 


930 

580 
200 

50 

O00 

2,350 


The 


In eth 


10-4 mo 


Band 
Wave 


number 


34,150 
35.550 


36,350 


20 


10 


Wave 


number 


"40 
200 
240 
160 


0 
650 
360 

2020 

2760 

3420 


29,620 
30,340 
31.000 
31,740 
32,400 


230 
240 
230 
100 
160 


In n-hexane 
at 20 ¢ 


Wave 


number 


640 
1360 


3 


OSD 


24 750 
0.470 

1,130 


3420 2,540 


at 


Vapour 
130 —160 ¢ 


Intensity 


2790 
3460 


Analysis 


second absorption system ('B,«<—14,, along the Y-axis in the plane) 


ivl alcohol 


le/l. at 20°C 10 


Wave 


number 


15.000 0 
12.000) 1400 
14.000 2200 


34,180 
35,580 
36,390 


16.000 
14.000 
18.000 


In n-hexane 


*mole/l. at 20°C 


Wave 
As 


35,150 
36.530 
37.250 
7.000 


0 
1400 
2210 


of 


number 


Vapour 


at 50 —70 


Intensity 


Table 5. 


The first absorption system 


Ultra-violet absorption spectrum of 5:6-benzoquinoline 


In ethyl alcohol 


10 


Band 
Wave 


number 


24 620 
50.2900 
31,690 


mole a 


Wave 


number 


5100 
700 
2200 


0 
730 
1400 
2060 


20020 
29,710 
30,430 
31,100 
31,790 
32,460 


The second absorption svstem was too diffuse t 


‘ mole 


5100 
1100 
3600 
G00 
1600 
600 


In n-hexane 


Wave 


number 


AG 


27,850 


0 202900 
690 
1410 


2G O80 
30.000 


Vapour 
at 130° -—-160°C 


Intensity 


Ai 


—1440 
0 
640 
1400 
2080 
2780 
3450 


$140 


Analysis 


1462.0 
0.690 
0.1400 
0.1400 — 690 
0.1400 2 
0.1400 
0.1400 


oO measure, 


m 0 0.0 
670 0.670 
s 1390 0,1390 
2050 0.1390+670 
m | | 011390 x 2 | 
| 
m 0,1390 24.670 : 
— 
Ag 
a’ 0 0.0 
b m 1380 0.1380 
m 2100 0.13804- 720 
d 2750 0.1380 ? 
€ At € Hi 
a 
a Vs 
m 
V8 
d 31.370 m 
é 2770 
f 3440 32,740 
q 33.430 m iz 
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In the phosphorescence spectrum of phenanthrene a vibration of 1615 cm~ 


constituted a main progression, and frequencies of 405, 1150 and 1395 or 1400 em-! 
were seen to appear as combination bands with the frequency 1615em~—'. Table 7 lists 
the Raman data of phenanthrene taken from the Landolt—Bérnstein Tabellen [20] 
and from the paper by McCiure [16], and our infra-red data obtained in carbon 
disulphide and in carbon tetrachloride solutions. Curves of the infra-red spectra 


are shown in Fig. 5. Frequencies of 405, 1150 and 1615 em~' were attributed to 


the strong Raman bands 406, 1160 or 1140, and 1608 em~! respectively. However, 


Table 6. Ultra-violet absorption spectrum of 7:8-benzoquinoline 


Che first absorption system 


Lia Vapour 
nole/l. at : ; at 75°—200°C 
Analysis 
Wave 
number Intensity Ai 


7,820 —1410 1407,0 
3200 20) 230 0 0.0 
630 400 0.400 

290.580 1500 G00 670 0.670 

2800 1400 30.340 5000 620 1300 0.13900 
020 1700 

1200) «31,000 31.300 2070 0 


1390 
1500 2300 631.740 2000 32.010 "780 0.1300 


2,400 , 3170 0.1390 
32,400 = 1000 32,680 3450 0.1390 
3.400 4170 0.1390 


vetem was too diffuse to measure. 


the separations 1395 or 1400 em~' from the zero transition did not have a reasonably 


matched band in the Raman and infra-red spectra. A frequency 1417 or 1420 em-! 
is the closest to the observed frequency numerically but the intensity in the Raman 
spectrum was weak. It is believed that the frequency 1395 or 1400 em~ should be 
interpreted as the superposition of two frequencies 1347 and 1437 cm~! which 
appeared strongly in the Raman spectrum. This explanation is supported by 
other evidence found in the spectrum of 7:8-benzoquinoline as will be described in 
a later section. It is interesting to compare the fundamental frequencies observed 
in the phosphorescence spectrum with those found in the fluorescence emission. 
McCiure [16] observed the fluorescence spectrum of phenanthrene crystal at 
20°K and found many fundamental frequencies: 247, 405, 540, 710, 841, 1037, 1242, 
1346, 1439 and 1609 cm~'. Among them the frequencies 1346 and 1439 em~' were 
seen to form very prominent progressions, and the frequency 1609 cm! a weak 
progression. On the other hand, the frequencies 1037 and 1242 cm~ observed in 
the fluorescence spectrum were not found in the phosphorescence spectrum. 
Moreover, it seemed impossible to interpret the band 1150 em~! in the phosphor- 
escence spectrum as the superposition of these two frequencies. 

The triplet—singlet emission spectrum of 5:6-benzoquinoline was observed in 
EPA and in petroleum ether at 90°K and the microphotometer tracing curves are 


a0 Landolt- Birneat Zahlenwerte und Funktionen, I Teil 2. S. 515. 
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Table 7. Raman and infra-red data of phenanthrene 


Raman bands Infra-red bands 


LANDOLT-BORNSTEIN [20] McCcivre [16] In CS, (15%) In CCl, (5%) 


200(1) 
228(2) 


250(4) 247(1) 


274(1) 
287(0) 
352(1) 
406(6) 405(3) 
447(1) 
497(1) 
513(1) 
594(4) 540(4) 
621(1) 
713(7) 710(1) 709(5-2) 709(2-4) 
761(2) 738(14) 735(9-0) 733(5-8) 
830(2) S41(1) 813(9-5) 814(5-9) 
864(8-3) 865(4-9) 
889(2) 876(3-5) 876(1-2) 
928(2) 946(4) 948(6-1) 949(2-4) 
971(1)? 971(4) 
1000(1) 1001(4-1) 1001 (1-1) 
1O18(1)? 1018(2) 
1040(4) 1037(3) 1039(6-2) 1038(2-8) 
1100(1)? 1090(2-8) LOS89(1-0) 
1144(4) 1140(3) 1141(4-3) 1140(1-3) 
1160(4) 1156(1) 1163(2-3) 1161(0-6) 
1182(0)? 1182(4) 
1203(5) 1202(4) 1201(3-7) 1200(1-1) 
1220(1-7) 1219(0-3) 
1231(1) 1231(4) 1239(3-5) 1235(1-0) 
1244(6) 1246(8) 1245(6-8) 1243(2-9) 
1347(10) 1346(8) 1303(4-2) 1301(1-5) 
1417(4) 1418(14) 1421(0-7) 1420(0-8) 
1424? 1424(0) 
1437(8) 1439(5) 1451(1-6) 
1476(1)? 1476(2) 1462(2-6) 
1490(0-5) 
1504(2-5) 
1524(6) 1524(2) 1527(0-4) 
1571(1) 1571(4) 
1608(7) 1609(5) 1601(1-6) 1600(0-9) 
1618(1-4) 1617(0-6) 
1645(0-7) 1644(0-4) 
1669(1-5) 1673(0-6) 
1725(1-2) 725(0-6) 
L751(1-4) 753(0-5) 
L8O8(0-6) 
1922(2-0) 1922(0-7) 
L9O52(0-8) 1952(0-8) 
2804(0) 2829(1) 
2936(2) 
3051(2 diff.) B051(3) 
3071(7b) 3077(2) 3120(6-8) 3099(3-2) 
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given in Fig. 1. The spectral data and the analysis are shown in Table 2. This 
molecule contains a nitrogen atom but has a chemical constitution similar to that 
of phenanthrene. It belongs to point group C,. The absorption spectra in the 
vapour at 130°—160°C and in solutions in ethanol and in n-hexane at 20°C are 
shown in Fig. 3. Although the ultra-violet absorption spectrum in ethanol has 
been reported by Jonnson ef al. [21], our absorption curves are given here since 
they show finer structure in the first absorption region than the older data. Table 
5 lists the spectral data and the analysis As can be seen in the figure and the 


€ 


30000 31000 32000 33000 4000 cm™' 

tion spectra of 5:6-benzoquinoline, 

pour at 150 ¢ with arbitrary unit). 
it 


table, the singlet—singlet absorption system is of 7—-7* type and the same is deduced 


for the triplet singlet emission. If the symmetry is reduced from the point group 


C,, to that of C,, both A, and go over to A’ inC,. Thus the singlet—singlet 
absorption spectrum of 5:6-benzoquinoline belongs to the transition ‘A’ « 14’ 
and the triplet—-singlet emission to a *A’-—+1A’' transition. The latter is allowed 
by symmetry but is forbidden by spin multiplicity. Visual estimates showed the 
phosphorescence lifetime of this compound to be almost that for phenanthrene. 
The strong band at 21,865 cem~' in EPA and at 21,880 cm~'! in petroleum ether 
represents the 0.0-band of the system. This shows a red shift by 15 em~!, and there 
was a shift of 170 em~' in the same direction for the 0,0-bands of the absorption 
spectra in ethanol and in n-hexane. In the phosphorescence spectrum of 5:6 
benzoquinoline a frequency of 1615 cm~' forms a main progression and frequencies 


405. 1135 and 1360 cm! were seen to appear in combination bands with the 


Jouwns mocn E. and Mart ws F. J.. J. Am. Chem. Sor 69, 566 1947) 
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Table 8. Raman and infra-red data of 5:6-benzoquinoline 


Infra-red bands 
{aman 


bands 
in CS,(20%) in Cl, (20%) 


706(3) 706(3) 
749(9) 
770(4) 
SILI(9) S11(2) 
S355(9) S3S8(9) 
8$65(5) 867(4) 
945(3) 945(1) 
997(2) 997(3) 
1038(3) 1038(2) 
1051(2) 1051(2) 
LO91(5) LO91(4) 
1133(2) 1133(1) 
1192(3) 
1214(3) 
1229(3) 1232(2) 
75 272(4) 1274(3) 
| SOO(5) 1302(5) 
95(1) 390(7) 1390(7) 
1462(5) 
L503(8) 
1575(2) 
1586(2) 
1605/2) L605(3) 


3086(5) SOS81(4) 


1615cem~!. Table 8 lists the Raman data in the molten state and infra-red data 
obtained in carbon disulphide and in carbon tetrachloride solutions. Curves of the 
infra-red spectra are shown in Fig. 6. Frequencies of 1135 and 1615 em~ in the 
phosphorescence spectrum were assigned to the infra-red vibrations 1133 and 
1605 em~!. A frequency of the order of 400 em~! was not obtained in our Raman 
spectrum owing to a strong background on the plates resulting from fluorescence. 
A frequency 1360 cm~! in the phosphorescence spectrum was attributed to the 
superposition of 1302 and 1390 cm~! in analogy to a corresponding assignment 
made in the phenanthrene spectrum. The vibrational analyses of the two com- 
pounds are very similar. 

The triplet—singlet emission spectrum of 7:8-benzoquinoline was observed in 
EPA and in petroleum ether at 90°K and the microphotometer tracing curves are 
given in Fig. 1. The spectral data and the analysis are shown in Table 3. This 
molecule belongs also to point group C,. The absorption spectra were for the first 
time observed in the vapour at 75°—-200°C and in solutions of ethanol and n-hexane 
at 20°C. The curves are shown in Fig. 4. Table 6 lists the spectral data and the 
analysis given for the vapour spectrum. The transition is a ‘A’ <«—'A’ as for 
5:6-benzoquinoline, and likewise the triplet-singlet emission 
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Fig. 4. Ultra-violet absorption 
spectra of 7:8-be nzoquinoline 
l - in vapour at 110C 
(with arbitrary unit) 
-in ethanol at 20°C. 


-———— in n-hexane at 20°C, 


ok T T T T T 
28000 29000 30000 31000 32000 33000 34000 cm™’ 


Table 9. Raman and infra-red data of 7:8-benzoquinoline 


Infra-red bands 
{aman 


bands 
in CC1,(20%) 


246(2) 
409(3) 
544 }) 
719(4) 720(7) 720(7) 
745(9) 
SOT(S) 
833(9) 834(9) 
SS1(4) S82(5) 
1O015(3) LO15(4) 
1036(2) 1030(2) 1030/2) 
1O91(1) LO90(4) 1090(5) 
11293) 1129(4) 
L151(4) 1152(5) 
1214(1) 1217(2) 1217(2) 
1296/2) 1296(2) 
1331(4) 1331(2) 
1408(8) 1408/5) 
1454(8) 
1517(6) 
1568(4) 
1590(3) 1592/6) 
1616(2) 1616(4) 
3O81(5) 3070(6) 
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| 
| 


5% IN CCl, 
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Infra-red spectrum of phenanthrene. 


20% IN CS, 


6 
Fig. 6. Infra-red spectrum of 5:6-benzoquinolin 


transition. The phosphorescence lifetime is also practically the same as for 
phenanthrene (visually estimated). The strong band at 21,790 cm~ in EPA and 
at 21,710 cm! in petroleum ether was taken as 0,0-band of the system. This 
shows a blue shift of 80 em~!, while a red shift of 40 cm! was found for 0, 0-band 
of the absorption spectra in ethanol and in n-hexane. In the phosphorescence 
spectrum of 7:8-benzoquinoline a frequency of 1600cm~!' formed the main 
progression and frequencies of 410, 1140 or 1150, and 1350 or 1370 em~! were seen 
to appear in combination with the 1600cm~'. Table 9 lists the Raman data in 
the molten state and infra-red data obtained in carbon disulphide and in carbon 
tetrachloride solutions. The infra-red spectra are shown in Fig. 7. The frequencies 
410. 1140 or 1150, and 1600 cm~! were connected with the Raman or infra-red 
bands 409, 1151 and 1597 em~!. A frequency 1350 em~! in EPA or 1370 em~! in 
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petroleum ether was interpreted as superposition of two strong Raman frequencies 
1297 and 1407cm~'. In phenanthrene and 5:6-benzoquinoline corresponding 
frequencies were explained as resulting from a superposition of two close-lying 


0 


20% IN CS, 


4 6 


Fig. 7. Infra-red spectrum of 7:8-benzoquinoline. 


frequencies, i.e. for phenanthrene the 1395 em in EPA and the 1400 ¢cm~' in 


petroleum ether and for 5:6 benzoquinoline the 1360 em! in both solutions. In 
7:8 benzoquinoline the corresponding difference is larger. namely, 20 em~!, 
Nevertheless, it is considered quite possible that the bands 1350 cm~! in EPA and 
1370 em~! do result from a superposition of the two mentioned Raman frequencies 


with a different mixing ratio in the two solvents. 
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Etude comparée des spectres de vibration des dérivés 
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Abstract—The infra-red spectra of thirty-four p-disubstituted benzene derivatives have been 
obtained between 3000 em and 3200 cm™~!. The interpretation of these spectra is discussed 
taking into account the corresponding Kaman spectra as reported in the literature. 


Conditions expérimentales 
Les composés ont été examinés en solution dans le tétrachlorure de carbone. Des 
concentrations diverses ont du étre employées afin d’obtenir pour les vibrations 
('—H une absorption voisine de 80°; les plus élevées, qui concernent les halogéno- 
benzénes, ne dépassent pas 0,5 mole/l. Quant aux composés susceptibles de former 
facilement des liaisons hydrogéne, ils ont été étudiés sous forte dilution; ainsi le 
paracrésol a été observé en solution a 0,0025 M. 

Les spectrogrammes ont été enrégistrés & l'aide d’un appareil Perkin-Elmer 
112, simple faisceau, double passage, muni d’un prisme de fluorure de lithium; la 
largeur spectrale de la fente était de 3cm~!. Les courbes d’étalonnage ont été 
construites a partir des spectres de vibration—rotation de l’acide chlorhydrique, du 
méthane et de la vapeur d’eau. La bande de la benzophénone située a 3313 em, 
enrégistrée sur chacun des spectres, a servi de référence interne. L’erreur absolue 
sur les fréquences est d’environ 2 em~!. 


Résultats expérimentaux 


Le Tableau | groupe les fréquences infrarouges que nous avons mesurées et les 


fréquences Raman tirées de la littérature, tandis que la Fig. 1 donne l’aspect des 


massifs d’absorption de quelques composés. 


Analyse et discussion 

A cété des absorptions dues aux vibrations de valence C—H aromatiques 
peuvent exister des bandes ou raies d’autre origine, les unes correspondant a des 
vibrations fondamentales ou de combinaison dues aux groupements substituants, 
les autres A des vibrations de combinaison du noyau benzénique. Nous discuterons 
la position de ces derniéres avant de proposer une attribution des vibrations C—H 
aromatiques. 

*Ce mémoire repose sur des résultats discutés dans la thése de Doctorat de 3éme cycle de ¢ 
Garricou-LAGRANGE (Bordeaux, 30 juin 1957) et dans la thése de Doctorat és Sciences Physiques de 
J. M. Lepas (Bordeaux, 21 mai 1958 Il fait suite a lVartich Etude comparée des spectres de vibration 
des dérivés paradisubstitués du benzén I. Région 670-1600 em-*” [1] dans lequel une bibliographie 


complete a été donnée. 


1] Garricovu-LaGRANGE C., Lesas J. M. et Josten M-L., Spectrochim. Acta 12, 305 (1958) 
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Bandes propres aux substituants 


Parmi les vibrations fondamentales des substituants envisagés, seules celles 
des groupements CH,* et CH, [10, 11, 12] sont trés voisines des vibrations C—H 
aromatiques. Si le groupement CH, ne présente pas de fréquences fondamentales 


supérieures & 3000 cm~!, par contre dans le cas des toluénes et des anisoles, la 


quelqu X C,H, en solution dans 
LiF; Fente : 0,092 mm ~ 3 em. 


séparation des massifs d’absorption aliphatique et aromatique pose un probléme; 


atin de le résoudre, les spectrogrammes infrarouges du toluéne et du p-xyléne, de 


l’‘anisole et du p-diméthoxybenzéne, ont été comparés pour les composés observés 


dans les mémes conditions, et en particulier &4 la méme concentration. I! en 


s du groupement méthyle fixé a un noyau benzénique a été discutée de 


soc. chim 


~ M-L., Descuamps J., Garricov-Lacrance C. et Foret M-T.. Bull 


omplex Molecules. Methuen, London (1954 
Ra ppl ifrones En Chemical ipplicat ons of 
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yuge. Handbuch der Physik Ba. XXV1; Licht und Materie 11. 
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résulte que, dans le cas des benzénes méthylés, la bande située vers 3020 em— 
provient, contrairement a attribution de [13], des vibrateurs C—H 
aromatiques; ce fait a été confirmé par l'étude du toluéne lourd C,H,CD, [14]. 
Dans les dérivés oxyméthylés, la bande intense voisine de 3005 cm-! est due au 
contraire au groupement méthyle. 

L’harmonique de la vibration 6(NH,) située vers 1620 cm—' est responsable 
d’une absorption vers 3210 cm~-! qui figure parmi les bandes de combinaison les 
plus intenses de cette région. 

De méme, au groupement NO, se rattache une absorption due a lharmonique 
de la vibration fondamentale »(NO,) observée vers 1500 cm-!. Pour les composés 
p-NO,—C,H,—X, ot: X représente COCI, Cl ou CH,, cette vibration v(NO,) se 
traduit par une bande trés intense respectivement A 1537, 1526 et 1525 cm! et 
on observe des bandes nettes a 3052, 3038 et vers 3040 em-!. Quand X correspond 
a NO, (p-dinitrobenzéne), on peut se demander si l'absorption observée a 3110 em=! 
n'est pas a relier a la bande extrémement intense a 1560 cm~! du groupement NO,. 
Lorsque X désigne NH, ou OH, le spectre présente vers 1500 em— une bande 
beaucoup moins intense que celle des composés précédents, et la présence de 
lharmonique est moins nette. Cependant, dans le cas de la p-nitroaniline, on 
observe une bande faible A 3002 em-'. 


Bandes de combinaison du noyau aromatique 

A l'exception des vibrations C—H de valence, les vibrations fondamentales du 
noyau benzénique ont été situées A des fréquences inférieures A 1620 em-! [1]. Les 
combinaisons binaires qui pourront apparaitre entre 3000 et 3200 cm corre- 
spondent done aux vibrations de la région 1400-1600 em-!. Ces derniéres sont les 
vibrations 14, 196, 19a, 8b, 8a du cycle carboné. Le Tableau 2 donne les fréquences 
de combinaison binaires calculées se situant dans la région étudiée. Le classement 
des composés selon |'électronégativité de leurs substituants met en évidence la 
variation de ces fréquences de combinaison. Les fréquences des bandes observées 
ont été placées au dessous des fréquences caleulées qui peuvent leur correspondre. 

La proximité souvent étroite des fréquences fondamentales 8a et 8b et le peu 
d’intensité des vibrations de combinaison peuvent expliquer que les fréquences de 
combinaison x +- 8b et x + 8a, oli x représente une vibration fondamentale, ne 
soient pas toujours séparées: de plus, certaines bandes de combinaison sont 
confondues dans les bandes intenses voisines. Nous noterons d’ailleurs que 
ce travail a eu pour but l'étude des vibrations fondamentales: avee des 
conditions plus appropriées, quelques autres bandes de combinaison auraient sans 
doute pu étre décelées. Les résultats obtenus permettent cependant quelques 
remarques. 

Aux combinaisons calculées dans lesquelles intervient la vibration 19a, trés 
active en infrarouge, correspondent, pour l'ensemble des composés, des fréquences 
observées. Cette attribution ne parait pas douteuse lorsque l'on considére la 
variation des fréquences et l’aspect des spectres. Par analogie, pour les composés 
[13] Kontrauscn K. W. F., Monatsh. Chem. 76, 231 (1946). 

[14] Garricou-LAGRANGE C. et Fuson N., Communication présentée a U Assemblée Générale de la Société 


Chimique de France, Lyon 9 Mai, (1958); Josten M-L. et Fuson N., G.A.M.S.. 2leme Congrés 
annuel 24-27 juin (1958). 
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p-Br—C,H,—CH, et p-I-—C,H,—CHy, nous avons classé dans ces suites les 
fréquences mesurées A 3084 et 3078 cm~!, bien qu’elles soient légérement supérieures 
aux fréquences calculées. 

Les combinaisons formées avec une des fondamentales 14 ou 19) apparaissent 
moins fréquemment et avec moins d'intensité que les précédentes; pour les deux 
derniéres catégories de composés du Tableau 2, elles se situent assez souvent au 
voisinage immédiat des bandes fortes, mais, pour les composés ot les deux 
substituants sont électropositifs, les sommes 19) + 8b et 19) + 8a s’éloignent de 


2 20c 
Vibrations 
fr@quences 3062 3080¢ 


(erm) 


9 


CoH, 
XY A, 


Fig. 2. Composés p-X—C,H,—Y— Types de vibration r(( 'H) avec leur classe de symétrie. 
La notation utilisée et la frequen e indiquée sont celles des vibrations correspondantes du 
benzene 


la fréquence de la bande la plus intense, et des fréquences observées en sont 
voisines. 

Parmi les fréquences 2 * 8b, 8b + 8a, 2 x 8a, trés proches l'une de l'autre, 
l'une d’elles au moins se manifeste. 

Quelques bandes d’intensité faible ne sont pas expliquées par ces combinaisons 
binaires et ne seront pas attribuées 4 des vibrations fondamentales. Elles 
correspondent probablement a4 des combinaisons ternaires. La presque totalité 
de ces bandes ont des fréquences voisines de 3100 cm~', et ont été groupées dans la 
colonne du Tableau | marquée d'un astérisque. Au moins pour les composés 
dissymétriques, elles peuvent étre dues a la combinaison 6b + 12 + 19a. 

Ces remarques sont en accord avec les résultats déja obtenus pour les dérivés 
monosubstitués du benzéne [15, 16}. 


Vibrations de valence v(C—H) aromatique 

Les composés p-X—C,H,—Y possédent quatre vibrations de valence C—H 
distinctes (Fig. 2). Elles peuvent étre rapprochées des vibrations du benzéne 2 ou 
7a, 7h, 20a ou 13 et 205. En effet, pour ces composés, les mouvements 2 et 7a, 20a 
et 13 deviennent identiques, s'il n’est tenu compte que des vibrateurs C—H. Nous 
admettrons que les vibrations 7a et 13 se transforment, pour les composés 
symétriques, en vibrations de valence C—X symétrique et antisymétrique, et pour 
les composés dissymétriques en vibrations C—X et C—Y. 

Pour les dérivés symétriques, les vibrations 2 et 7) sont actives uniquement en 
spectroscopie Raman, la vibration 2, de symétrie plus élevée, doit correspondre a 
une raie plus intense. Pour les composés dissymétriques, les quatre vibrations 


15) Lepas J.-M., These, Bordeaux (1958) 
16| Josten M.-L. et Lesas J.-M., Bull. soc. chim. France 53 et 57 (1956) 
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peuvent donner lieu a des raies de diffusion, les vibrations 2 et 20a possédent alors 
la plus haute symétrie. 

On peut essayer de prévoir, en spectroscopie infrarouge, les intensités relatives 
des quatre vibrations »(C—H), dans la mesure oii celles-ci sont 
voisines des types indiqués, en évaluant les variations de 
moment engendrées par ces vibrations. Si l'on appelle m, et 
m, les valeurs maximum et minimum du moment d’un 
vibrateur C—H en 2 ou 6, m, et m,’ les valeurs correspondantes 
pour un vibrateur en 3 ou 5 (schéma ci-contre), et si l’on pose 
Am = |m — m’|, on obtient pour les différentes vibrations, les 
projections sur les axes 0x et Oy des variations de moment 
indiquées dans le tableau ci-dessous: 


Vibrations 7b 


Variation de moment 
{ Proj. sur Oz 0 |Am, Am, | Am, Ams, 0 
Proj. sur Oy | |Am, Ams| 0 0 (Am, + Amy) 


Si lon admet, dans l’évaluation de l’intensité, que le facteur variation de 
moment est de beaucoup le plus important pour des vibrations de fréquences 
voisines [17], on conclut que la vibration 206 est trois fois plus intense que la 
vibration 20a, elle-méme plus intense que la vibration 2. En outre, en raison de la 
proximité des valeurs Am, et Amz,, il est probable que la vibration 20a reste plus 
intense que la vibration 7b. Dans le cas des dérivés symétriques, on a Am, = Amg, 
les vibrations 2 et 7) ne donnant plus naissance a4 des variations de moment sont 
inactives en infrarouge. 

Attributions. Des études a haute dispersion ont été effectuées pour quelques 
composés. Pour en faciliter la discussion, nous avons rassemblé les attributions 
proposées dans le Tableau 3.* 

Une bande infrarouge a généralement une intensité prédominante. Nous 
avons attribuée a la vibration 206 et classée dans la suite 6. Cependant, les 
spectrogrammes des composés p-NO,—C,H,—NH, et p-NO,—C,H,—CH, 
présentent deux bandes d’intensité comparable. Nous avons choisi, dans les deux 
cas, pour la vibration 20b la fréquence supérieure vers 3080 cm~!. En effet, pour 
le premier de ces composés, la fréquence auprés de 3050 cm~! peut étre attribuée a 
la fois & une vibration de combinaison et a la vibration fondamentale 20a. Pour le 
second, cette fréquence peut correspondre a4 deux vibrations de combinaison, a 
Vharmonique de la vibration »(NO,), et a la vibration fondamentale 20a; ceci 
expliquerait la forme dissymétrique et la largeur de cette bande. Quant aux 


* Les travaux de Wuirren [4, 18] et NarastmnHam [7] sur les p-halogénobenzénes, effectués en 
spectroscopie infrarouge avec un prisme de chlorure de sodium, ne seront pas discutés. 
{17| Herzeere G., Infrared and Raman spectra of Polyatomic Molecules p. 261. Van Nostrand, New 
York (1945). 


[18] SrositsKovic A, et Warren D. H., Spectrochim. Acta 12, 57 (1958). 
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composés p-X—C,H,—Y ot X et Y désignent Cl, Br ou I, leurs spectrogrammes 
présentent un massif trés large, formé de plusieurs bandes, mal résolues. Dans ce 


cas, nous avons placé dans la suite 6 la fréquence qui correspond au coefficient 


d’absorption apparent le plus élevé. 
BarLey [19], Ferevson | 20] et Lorp 
benzene, le p-difluorobenzéne et la p-diazine, ont également attribué a cette méme 


[21], respectivement pour le p-dideutéro 


vibration les absorptions les plus intenses des spectres. Au contraire, pour les 


Tableau 3. Attributions comparées pour quelques composés p-X—C H,—-\ 


7b 


Vibration* 20a 


INGOLD p-DC,H,D I.R. 3060+ 3079 (F) 


et al. 19,24] R. 3042 (mF) 3055 (m) 


3028 (mf 3088 (m) 


3084 (F) 


FERGUSON p-FC,H,CH, 3043 (m) 3069 (ff) 
et al, 2s : 3071 (FF) 


3096 (m) 3125 (m) 


3092 (FF) 


Lorp p-NC,H,N I.R. 3066 (FF) 3066 (FF) 


et al. 21) | & 3038 (5) S051 (9) 


* Par souci d homogénéité, nous avons traduit attribution indiquée par les auteurs dans la notation 


Valeur utilisée par INGOLD, mais moyenne de plusieurs vibrations (résonance de Ferm 


composés p-F—C,H,—CH, [22] et p-CF,—C,H,—CF, [23], Frerevson n’a pas 
assigné la bande la plus forte a la vibration 206, mais a la vibration 20a. 


Les raies Raman les plus intenses constituent la suite 8 que nous avons attribuée 
& la vibration 2. Comme lindique le Tableau 3, Herzrecp [24], Ferauson 
(20, 22, 23] et Lorp [21] affectent également la raie la plus intense du spectre a 


cette vibration. 
Ainsi que nous l'avons montré précédemment, la théorie prévoit que la vibration 


20a est, parmi les fondamentales actives en infrarouge, la deuxiéme dans |l’ordre 


des intensités. Inactive en Raman dans le cas des dérivés symétriques, elle 


appartient, pour les dérivés dissymétriques, au mode A, et doit donner naissance 


a une raie Raman. Nous avons formé la suite y en tenant compte de ces considéra- 


tions. Pour quelques composés, la raie Raman, bien que voisine de celle attribuée 
a la vibration 2, en est distincte, et le spectre infrarouge présente une bande de 


[19) Bartey C. R., Carson 8. C., Gorpon R. R. et INGoup C. K., J. Chem. Soc. 288 (1946). 

{20} Ferevson E. E., Hupson R. L., Nrectsen J. R. et Smirru D. C., J. Chem. Phys. 21, 1457 (1953). 
{21} Lorp R. C., Marston A. L. et Mitier F. A., Spectrochim. Acta 9, 113 (1957). 

[22] Ferevsown E. E., Hupson R. L., Nrevsen J. R. et Smrru D. C., J. Chem. Phys. 21, 1736 (1953). 
[23) Ferevuson E. E., MIkKeLsen L., Nrevsen J. R. et Smirn D. C., J. Chem. Phys. 21, 1731 (1953). 
(24) Herzrecp N., Hospen J. W., Incoip C. K. et H. G., J. Chem. Soc. 272 (1946). 
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méme fréquence. Dans d'autres cas, une absorption infrarouge est située a une 
fréquence proche de celle de la raie Raman attribuée a la vibration 2. On peut 
penser alors que cette raie correspond aux deux vibrations 2 et 20a. 

Une raie d'intensité moyenne est observée pour le p-dideutérobenzéne [24] le 
p-xylene [6] et la p-diazine [21] au voisinage de 3047 cm~', fréquence de la vibration 
7ab du benzéne. A la suite d HEeRzrevp [24] et Lorp [21], nous l’attribuons a la 
vibration 7). Pour les composés dissymétriques, nous avons attribué a la vibration 
l 


76 les raies Raman et quelques bandes infrarouges voisines de 3040 cm Ces 


fréquences sont classées dans la suite «. 


Résumé 


Ce mémoire a pour objet l'étude des vibrations de valence C—H aromatiques 


d'une trentaine de dérivés p-disubstitués du benzéne. Aucune étude expérimentale 
de ces vibrations n’avait encore été effectuée. 
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Assignment of vibration bands of DL-alanine 


Kunio Fuxvsarma, TAKAHARU OntsHI, TAKEHIKO SHIMANOUCHI 


and SAN-ICHTRO MIZUSHIMA 
Chemical Laboratory, Faculty of Science, Tokyo University, Hongo, Tokyo 


(Received 4 July 1958) 


Abstract—Infra-red and Raman spectra of alanine and its deutero-analogue and alanine hydro- 
chloride were measured. The normal vibration of the alanine molecule has been calculated as 
a seven-body-problem, considering the CH, and NH,”* groups as dynamical units. The potential 
energy distribution among internal co-ordinates for each normal vibration has also been 
calculated. Based on the result the assignment of the observed frequencies of alanine has 


been made. 


Introduction 


IN connexion with our previous study on the assignment of the vibration bands 
of glycine [1] the infra-red and Raman spectra of alanine and its deutero-analogues 
and alanine hydrochloride have been measured. The normal vibrations of the 
alanine molecule have been calculated and the assignment of the vibration bands 
has been made. 

Experimental 

The sample used in the measurement was kindly supplied by the Research 
Laboratory of Ajinomoto Company Ltd. Those of deuterated alanine 
ND,“CHCH,COO~ and alanine hydrochloride were prepared similarly as 
deuterated glycine and glycine hydrochloride | 1]. 

The Raman spectra were photographed with a spectrograph designed and 
built in our laboratory [2]. The infra-red spectra were recorded on the Baird 
spectrometer and the Hilger spectrometer model H-800. In the region of about 
1600 cm~', a high resolution measurement was made with Perkin-Elmer grating 


spectrometer model 112G. 


Result and discussion 

The experimental result of the infrared absorption is listed in Table 1. That of 
the high-resolution measurement in the region of about 1600 cm~! is shown in 
Fig. 1. The bands appearing in the region above 1800 em~! are omitted in the 
table, since as fundamentals only the hydrogen stretching frequencies appear in 
this region. 

The change of the spectrum in the region of 1800-1500 em~' on deuteration of 
alanine is quite similar to that of glycine |1]. So also is the case for the difference 
of spectra between the acid and the hydrochloride. The two strong absorption 
bands at 1623 and 1597 cm~! are replaced by a single band at 1598 em in 
1) Tsusor M., T., Nakacawa I., Sarmanovucni T. and Mizusuima Spectrochim. Acta 12, 253 


(1058 
2) Mizusumma 8., Structure of Molecules and Internal Rotation. Academic Press, New York (1954). 
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Table 1. 


Observed frequencies 


CH, CH, CH, 


Assignment 


NH,*CHCO,- ND, CHCO, NH,*CHCOOH 


1747s C=O str. 


1623s 1600 s NH,” deg. def. 
1597 s 1598 s anti. str. 
1534 m 1497 s NH," sym. def. 
° 1451 m 1457 m 1462 sh CH, deg. def. 
l4l4s C—O str., OH bend. 
I4lls 14138 CO,” sym. str. 
1375 w 
1356s 13448 1359 s CH,* sym. def. 


1308 s | 1312 w 1310 vw CH bend. 
| 1296 m 
1238 w 1224s NH,* rock. 
1199s OH bend., C—O str. 
1179 m deg. def. 
w 1137 w 1133 m CH, rock.., 
l1ll4m 1097 w lll2s rock., 
1050 w > ND,* sym. def. 
1018 m 1016 sh CCN out-of-phase str. 
989 m 
15 923 w 9l4w 915w CCN in-phase str. — CC str. 
959 860 vw | 
845 vw ND,* rock. 
854 m 828 w SI3s CCN in-phase str. CC str. 
773w 763 w CO,” bend. 


ND,*CHCH,COO> and by two bands at 1747 and 1600 em~ in the hydrochloride. 
Consequently, the band of alanine at 1597 cm~! can be assigned to the antisym- 
metric stretching vibration of the carboxylate group and that at 1623 cm~' to the 
degenerate deformation vibration of the NH,* group of the zwitterion. The 


symmetric deformation vibration of the same group is assigned to the band at 
1534 
The spectrum in the region of 1500-1300 em-! is common to many of the 


amino acids. In alanine the three strong bands at 1411, 1356 and 1308 em~! are 


the characteristic bands appearing in this region. Of these the 1411 em- band is 


assigned to the symmetric stretching motion of the carboxylate group as in glycine 
and the 1356 em~! band to the symmetric deformation vibration of the methyl 


group [3]. The corresponding degenerate vibration is assigned to the band at 
1451 

The band at 1308 em~ can be considered to arise from the CH bending motion 
from the frequency value. However, its intensity is much stronger than that of 
the corresponding band of alanine hydrochloride. One might consider that this is 
due to the coupling of the CH bending vibration with other motions, particularly 


3) Nakacawa I. and Mizusuima 8., Bull. Chem. Soc. Japan 28, 589 (1955). 
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with the symmetric stretching vibration of the COO~ group. However the normal 


vibration calculation to be described below shows that this is not the case. It 
seems that the strong intensity is due to the characteristic charge distribution of 
the CH group caused by the presence of the carboxylate group. 


The CH bending motion may give rise to two different absorption bands. 


However. the calculation shows that these two bands are not much different in 


frequency so that thev are observed as a single band. 


Infra-red spectra of pL-alanine 


NH,°CHCH,COO-. 


The assignment of bands in the region below 1300 cm~' is more complicated, 
since, in addition to the skeletal vibrations, the CH, and NH,* rocking vibrations 
appear in this region. The calculation to be explained below has been made in 


order to facilitate this assignment 


Calculation of normal modes of vibration 
The calculation of normal vibrations has been made as a seven body problem, 
r the CH, and NH,” groups as dynamical units. In other words the 


considerit 
skeletal vibrations have been calculated along with the CH bending motion which 
is considered to couple with the skeletal vibrations more closely than any other 
hvdrogen deformation vibrations. 


The molecule of alanine has an axis C—C of internal rotation and therefore 
may exist in different forms. However, the result of the X-ray investigation [4] 
favours only one form with an azimuthal angle of 15° with respect to the NH, 


4) J yA Chem. 72. 949 (1050 


~ 
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Assignment of vibration bands of pL-alanin« 


group and one of the oxygen atoms [5]; therefore the calculation has been made 
for this form. 
The internal co-ordinates used are listed in Table 2. The potential function is 
of the Urey—Bradley type [2, 6]: 
> 4K (Ar,)? > + + 42( + linear terms 


where r, and r, are bond lengths with equilibrium values r,° and r,’, z,, bond angle 


q,, distances between nonbonded atoms, ~ the angle formed by the central C—C 
bond and the plane of CO,~ group, and K, H, F and 7a stretching, bending 
repulsive and out-of-plane bending force constants, respectively. The values of 


Table 2. Internal co-ordinates S 


Vibrational mode 


CH str. 

CC str. 

CH,CNH, in-phase str. 
CO, sym. str. 

CQ, anti. str. 


skel. def.* 

6 
(22 L192 %103)/ 6 CH bend. 
ace S \(2 20: 6 skel. def.* 


CO, bend. 

CO, rock, 

CH,CNH, out-of-phase str. 
CH bend. 

skel. def.* 

CO, wag 


* Skeletal deformation of CH, C-—C skeleton 


NH, 


the force constants are shown in Table 3. These are the same as those of the 
corresponding constants of HCO,~, DCO,~, CH,CO,~, CD,CO,~ and CH(CH,),. 

The order of the secular equation to be solved becomes thirteen, even if we 
leave out of consideration the torsional motion about the C——C axis and the 
hydrogen stretching vibration (high frequency splitting). Therefore a perturba- 
tion method has been applied for the solution of the equation. 

The NH, group has almost the same weight as the CH , group and the bond 
length of C—NH, [4]. Therefore the structure and the force constants of the 
alanine molecule are not much different from those of the isobutyrate ion, which 
has higher symmetry. The secular equation of this ion can be split into two parts, 
one of the ninth order and the other of the fourth order. Thus the normal vibra 
tions of this ion have been calculated more easily. By use of the L-matrix thus 


5) Havasu M., Suimanovucni T. and Mizusuima 8., Bull. Chem. Soc. Japan 29, 802 (1956). 


(6) Surmanovcnai T., J. Chem Phys. 17, 245 (1049 
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obtained, the secular determinant of the alanine molecule could be transformed 
almost into a diagonal matrix and from this the normal frequencies of the alanine 


molecule could be calculated by the perturbation method [7]. 


The computed values are compared in Table 4 with the observed values taken 


from Table 1, except for ¥,, Which was determined by the Raman measurement. 


The potential energy distribution among internal co-ordinates has also been calcu- 


lated and is shown in Table 5[{8]. Based on this result, the nature of each normal 


lable 3. Values of force constants Table 4. Calculated and observed 


(madyn/A) frequencies (em™') 


Ki(CH 3-90 Calculated Observed 

K(CNH,), K(CCH,) 3-40 

Ki(cc) 2-46 

25 1379 i411 

H(CCNH,), H(COCH,) 0-25 1320 1308 

He NH, . CH,) 0-25 979 923 

H(CH,CNH,), O25 My 900 854 

CH,CCH,) . ve 730 773 
(COCO) 473 520 

H OCO) O15 342 340 

F(HNH, FCHCH,) 0-50 284 260 

F(NH, CH) 0-20 1342 1308 

F(CH,CHs) 0-20 1056 

{ { ) 

F(OO) 3-02 

«(madyn, A) 0-03 

7(madyn. 7 


vibration can be determined quantitatively. The approximate designation of this 


is shown in Table 1. 

Thus the assignment can be made for almost all the vibrations except for the 
rocking vibrations of the CH, and NH,* groups and the rocking symmetric and 
degenerate deformation vibrations of the ND,* group. The former vibrations are 
expected to appear in the region of 1000-1200 em~! in which also the C—-C—N 
(out-of-phase) stretching vibration appears. In this region four bands were 
observed and can be assigned to the coupled motions of the CH, and NH,* 
rocking vibration and the C—C—N anti-symmetric stretching vibration. 

For the deuterated compound ND,*CHCH,COO7 five bands were observed in 
the region of 1000-1200 em~!. Of these that at 1179 cm~' is assigned to the ND,* 
degenerate deformation vibration and the others to the coupled motions of the 
ND,* symmetric deformation, the CH, rocking and the C—C—N out-of-phase 


7) Nakacawa L., Nippon. Kagaku Zasshi 76, 336 (1955). 
8| Mortwo Y. and Kucnizu K., J. Chem. Phys. 20, 1809 (1953); Miyazawa T., Saimanovenr T. and 
Mizusuma 8S. J. Chem. Phys. 29, 611 (1958). 
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Table 5. Distribution of potential energy among internal co-ordinates S 
for a normal vibration Q 


Qs; Q, Q; Os Qs» Vio Cn C12 


0-00* 0O-10* 0-24* 0-07 O15 O15* OOLF OO1* OO] 0-03* 
0-00 0-31* 0-06* O19 0-06 0-00* O-00 0-06 0-00* 
6-99 0-02" OOL* 0-02 0-02 0-00* O-00* 0-00* 0-00 0-00* 
0-9] mol O-00* O02 O 0-00* OOL* 0O-00* 0-00* 
0-06 0-00" 0-00 0-00 0-00 0-14 0-00 0-00 0-00 


O12 17 0-29 “55 oll 0-00* O-00 0-00* 0-00* 0-00* 


O-O0 O-05 O3* 6-46 -23 0-02* 0-00* 0-24* 


0-00 Ooo 0-00 O2* O04 0-04* O85 0-13* 0-03 
O-00* 0-00* oo O-00 . 0-99 0-03 0-0] 0-00* 
06-00* 0-00 0-00* OO7 0-23* O-ol 0-09" O15* 


15 0-00 OO] OOL® 0-00 0-17* . OOL*® O04 0-93 0-24 


The asterisk means that the corresponding L-matrix element is negative 


stretching vibrations. The ND,* rocking vibration can be assigned to the bands 
observed at 860 and 845 em~. 

As explained above, the observed frequencies of the molecules of alanine and 
its deuterated compound can be explained satisfactorily on the zwitterion model 
NH,*CH(CH,)COO- and ND,*CH(CH,)COO~-. The explanation is useful in 
making the assignment of the vibration spectra of amino acids, since almost all of 
them contain the common structure of NH,*CHRCOO-. 
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Abstract. The O--H and N--H stretching frequencies of a number of N-benzylanilines and 
\-2-hydroxybenzylanilines have been measured in dilute carbon tetrachloride solution and 
attempts made to relate the observed spectra to the known effects of substituents. The results 
indicate that rotational isomerism probably occurs in the N-benzylanilines and that the intra- 
molecular hydrogen bond in the N-2-hydroxybenzylaniline is responsible for a change in 


hybridization on the nitrogen atom. 


Introduction 
Ir is well known that relationships exist between the characteristic frequencies of 
substituent groups and Hammett’s o-constants [1] for a second substituent in m 
and p-substituted benzene derivatives. INGRAHAM ef al. [2] have used this relation- 


ship to examine the hydrogen bonding in various catechols, and recently BADGER 


and Morrirz [3] have examined the bonding in 8-hydroxyquinolines and in the 
related 2-benzylideneaminophenols. As a further contribution to the effects of 
substituents on hydrogen bonding a number of N-2-hydroxybenzylanilines have 
been examined. 

Experimental 
(a) Materials 


Most of the compounds were prepared by standard literature methods or were 
commercially available materials which had melting points in accordance with 
those previously reported. A few were prepared by colleagues in the course of 
their researches. The following were prepared in good yield by hydrogenation 
(10°, Pd/C) in ethanol of equal molar quantities of salicylaldehyde or 
methoxybenzaldehyde, with the appropriate amine without isolation of the 
Schiff's base. .-2-methoxybenzylaniline crystallized from ethanol in plates, m.p. 
94°C (Found: C, 79-0; H, 7-2; N, 6-7. C,,H,,ON requires C, 78-8; H, 7-1; 
N, 66°). N-2-methoxrybenzyl-4-chloroaniline crystallized from ethanol in plates 
m.p. 59-5-60-5°C (Found: C, 68-0; H, 5-8; N, 54. C,,H,,ONCI requires 
C, 67-9; H, 5-7; N, 5:7%). N-2-hydroxrybenzyl-3-chloroaniline crystallized from 
ethanol in needles, m.p. 109°C (Found: C, 67-3; H, 5-1; N, 5-8. C,,H,,ONCI 
requires (©, 66°85; H, 5-2; N, 60%). N-2-hydroxybenzyl-3-methylaniline 
crystallized from ethanol in plates m.p. 112-113°C (Found: C, 79-1; H, 7-1; 
N, 6-6. C,,H,,ON requires C, 78-8; H, 7-1; N, 66%). 


1} Ham™ertt L. P., Physical Organic Chemistry p. 188. McGraw-Hill, New York, (1940). 
2) Incranam L. L., Corse J., Bartey G. F. and Srirt F., J. Am. Chem. Soc. 74, 2297 (1952). 
3} Bapcer G. M. and Moritz A. G., J. Chem. Soc. In press. 
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Hydrogen bonding in N-2-hydroxybenzylaniline 


(b) Deuteration 

The corresponding amine was dried over P,O, in vacuum and then treated with 
deuterium oxide (99-78 per cent, molar ratio > 100: 1) for 10 min at 95—-100°C, 
The product was then dried in vacuo and dissolved in freshly dried (P,O,) carbon 
tetrachloride. Although deuteration was incomplete, the marked changes in 
intensity in the corresponding NH bands could be used as a guide to the assign- 
ments. 


(c) Infra-red spectra 

The spectra were determined with a Grubb Parsons 84 double beam spectro- 
meter using a calcium fluoride prism. Measurements in the 3500-3200 em~ region 
were made by direct calibration against a spectrum of ammonia run immediately 
previous to each determination. Sharp bands were reproducible to +-1 em~ in 
this region where the effective slit width was about 8 em~'. Carbon tetrachloride 
was the solvent used in most cases. Dilute solutions (0-01—0-003 M) were used in 
| em cells, and if the spectra were independent of dilution, it was concluded that 
intermolecular bonding was absent. Analar chloroform was purified by passage 
through a column of silica gel. Apparent molecular extinction coefficients were 
determined from the relationship «,“ 1/cl log T/T’, where c is the concentration 
(moles/l.) and / is the path length (em). No account has been taken of finite slit 
width or overlapping bands in the calculations and the relative values are con- 
sidered to be not accurate to better than about +5 per cent. 


Results and discussion 


RUSSELL and THompson [4] found that N-benzylaniline showed two bands of 
medium intensity in carbon tetrachloride at 3419 and 3450 cm~, and suggested 
that the doubling of the NH bands in this and other compounds they examined was 
due to rotational isomerism and that stereochemical considerations determine the 
preponderance of one form or the other. A repetition of this work showed NH 
bands at 3418 and 3448 cm~! in good agreement with their values and it seemed of 
interest to examine a number of substituted V-benzylanilines in order to clarify 
the type of hydrogen bonding which occurs in N-2-hydroxybenzylaniline. 

The possibility that Fermi resonance is responsible for the two bands seems to 
be excluded since deuteration of N-benzylaniline resulted in the disappearance of 
the 3448 and 3418 cm~ bands with the appearance of the corresponding N—D 
bands at 2558 and 2537 em=!, rq/rp 1-348 and 1-347. Similarly N-2-methoxy- 
benzylaniline showed N—D absorptions at 2556 and 2538 1-349 
and 1-349. 

All the substituted N-benzylanilines examined here showed two N—-H bands 
of comparable intensity with the exception of N-benzyl-2-nitroaniline. In this 
case the N—H frequency is notably lower but hydrogen bonding may be expected 
to stabilize one rotational isomer. On the other hand, it has been suggested that 
no appreciable hydrogen bonding occurs in o-nitroaniline [5]; this conclusion can 
not be supported. Thus it is known that electron-attracting groups in m- and 


4) Russexy R. A. and THoompson H. W., J. Chem. Soc. 483 (1955). 
5] Dyati L. K. and Hamsry A.N., Chem. & Ind. London 262 (1958). 
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p-substituted anilines raise the N—H stretching frequencies [6] and it seems likely 
that the electron-attracting effect of an o-substituent in raising the NH, frequencies 
may be greater than the hydrogen-bonding effect in lowering the frequency. Some 
confirmation of this can be found in the non-agreement in the symmetric and anti- 
symmetric frequencies from the relationship, v, = 345-5 + 0-876 y,,, found by 
SELLAMY and WILLIAMS [7] to occur for primary amines with a standard difference 

of 4:8 em~!. All the substituted o-nitroaniline frequencies quoted by DyAaLi and 
HamBuy [5] show deviations larger than 4-8 em~!, and this is consistent with 
4000 __3400 _ 34¢ 


Wavelength, / 


Fig. 1. The infra-red spectra of (i) N-2-hydroxybenzyl-4-methoxyaniline; (ii) N-2 
hydroxybenzylaniline; (iii) N-2-hydroxybenzyl-4-chloroaniline; (iv) N-2-hydroxybenzy] 
3-chloroaniline, in CCl,, 6 mm cell, 0-01 M; (v) N-2-hydroxybenzy!-3-nitroaniline in CHCI, 


hydrogen bonding between the two groups. It may be noted that in the secondary 
aromatic amines studied here, the presence of a nitro-group in the ortho position 
always lowers the N—-H frequency. 

The spectra of N-2-hydroxybenzylaniline shows three main absorptions in the 
O—H, N—H stretching region: at 3611 em~ (clearly due to “free’’ O—H vibration) 
and at 3357 and 3250 cm~. The spectra of a few substituted V-2-hydroxybenzy]- 
anilines are reproduced in Fig. 1. It will be noticed that the introduction of electron 
attracting substituents causes an increase in the intensity in the 3606-3611 em~! 
band with a corresponding decrease in the broad 3195-3370 em~!, which may 
therefore be assigned to the intramolecular O—H --- N vibration. A similar type 
of bonding has been found for \V-substituted 2-aminoethanols [8-10]; Fier [10] 
has found that when alkyl groups are attached to the nitrogen atom in these 
compounds, intramolecular bonds are formed which give rise to hydroxyl absorp- 
tions in the 3500 cm~ region; however when an aryl group is attached there is a 
virtual absence of hydrogen bonding. This was ascribed to the partial transference 


Fiettr M. Sr. C., Trans. Faraday Soc. 44, 767 (1948). 

| Beciamy L. J. and WiriuiaMs R. L., Spectrochim. Acta 9, 341 (1957). 
BERGMANN E. D., Gii-Av. E. and Prvcnua 8., J. Am. Chem. Soc. 75, 68 (1953). 
Baxter J.N., CymMermMan-Craic J. and Wiiuis J. B., J. Chem. Soc. 669 (1955). 
Fietr M. Sr. C., Spectrochim. Acta 10, 21 (1958). 
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of the lone pair of electrons to the ring. The comparatively weak free hydroxy! 
absorption and low O—H---N frequencies in the present study reflects the 
greater stability of six-membered rings against the five-membered rings formed 
in the N-aryl-2-aminoethanols previously examined. However this is in part 
complicated by the greater ability of phenolic hydroxy] groups to form hydrogen 
bonds. 


3370} 


onstant 


Fig. 2. Relationship between the OH stretching lrequency (A), the NH stretching 
frequency (B) for substituted N-2 hydroxybenzylanilines and the o-constant for the 
substituent. N.B the values for N-2-hydroxy benzyl-3-nitroaniline (in CH( l,) have been 


included. Rectangles are used to indicate probable errors. 


It has recently been shown [3] that the strength of the hydrogen bond in 
substituted 2-benzylideneaminophenols is a linear function of HAmMMET?T’s o- 


constants |1] for the substituent, and it is instructive to test this relationship in 


the present study. Fig. 2 (A) shows a plot of vo, .... against the o-constants for 
the substituted V-2-hydroxybenzylanilines, which shows that a similar relationship 
does exist. It may be noted that the effect of substituents is the same as that found 


for the 2-benzylideneaminophenol series; i.e. the substituents alter the electron 
density around the nitrogen atom, but have little or no direct electronic effect on 


the hydroxy! group except through the hydrogen bond. 
The assignment of the 3195-3370 cm band to the O H---N vibration 
leaves the 3345-3370 em~! band to be assigned to the N—H frequency and it is 
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significant that this is much lower than inthe V-benzylanilines without the hydroxyl 
group. The possibility that N—H ---O bonding occurs seems to be excluded by 
the apparent absence of bonding in V-2-methoxybenzylaniline and .-2-methoxy- 


benzyl-4-chloroaniline, and the reason for this at first seems obscure. 
Cannon [11] has recently reviewed the various requirements for hydrogen 
bonding, and the role of the lone pair of electrons has also received attention 


Table 1. Absorptions in the O—H, N--H stretching region for 
N-benzylanilines and N-2-hydroxybenzylanilines* 


( ompound You 


3448 
benzvl-2-chloroaniline 3442 
-benzyl-4-chloroaniline 3450 
benzvl-2 
benzvl-2-methylaniline 3460 


nitroaniline 
hoxvbenzvlani ine 3449 
xvbenzvl-4-chloroaniline 3452 
oxvbenzvlaniline 33: 3611 
oxy benzv1-4-methvlaniline 35: 3610 
oxy benzv1-3-methylaniline 335: 3609 
oxv bet xvaniline $346 3610 
mv be loroaniline 3366 3606 
3365 S608 


benzvl-3-nitroanilines 3595 


if 
moaniline 
oOroaniiine 


nt for the free varoxvil. 
with those reported by Russeit and THompson [4]. 


from ScHNEIDER [12]. It is now generally considered that for the maximum degree 
of bonding an asymmetric lone pair of electrons, collinear with the proton, exists 
on the donor atom [{11, 12]. In aromatic amines the nitrogen o-bonds are approxi- 
mately planar in configuration [13], whereas in primary aliphatic amines it seems 
reasonable to suppose that the nitrogen valency angles are pyramidal [14]. ORvVILLE- 
Tuomas et al. [14] examined the NH, stretching frequencies in primary amines, both 
in solution and in the vapour phase, and found that the frequency difference in 


aliphatic and aromatic amines could be explained in terms of the configuration of 


11) Can~non +., Spectrochim. Acta 10, 341 (1958 

12) ScHNEIDER Pepe hem. Phys. 23, 26 (1955 

13) Countson C. A., Valence. Oxford University Press, 1952 

14) Orvitte-THomas W. J., Parsons A. E. and Ocpen C. P., J. Chem. Soc. 1047 (1958) 
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3418 
3421 
N 
N-2-hy 1-58 3250 
N-2-hy 1-02 3225 
NV -2-hy 1-21 3245 
V-2-hy 0-77 3195 VU 
ee. N-2-hy 2-83 3275 15 
Ame V-2-hyd 3-30 3300 195 
een 
3370 
V-methylaniline* 3433 
N-met! ?-nitroanili 3309 
V-methyl-2-nitro-4-1 3398 
V-methvl-2-nitro-4-cl 3401 
3304 
Diphenvlamin 3433 
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en * In CCl, except where indicated 
+ Ay ty ilar extinction coeffi 
§ In CHCI,. 
| 


Hydrogen bonding in N-2-hydroxybenzylaniline 


the nitrogen valency bonds. The increase in s-character of the nitrogen o-bond 
orbitals in aromatic amines (approximately sp?) compared with aliphatic amines 
(approximately sp*) results in shorter and stronger bonds which account for the 
higher frequencies found in aromatic amines. A similar explanation would account 
for the frequency difference in secondary amines studied by RusseELi and 
THompson [4]. Thus in N-2-hydroxybenzylaniline the hydrogen bond may be 


= 


a — Fig. 3. Relationship between log e,* for the free hydroxyl band and the OH stretching 
15 frequency for the bonded hydroxy! for N-2-hydroxybenzylanilines. Re« tangles indicate 


probable errors. 


responsible for the partial localization of the lone pair of electrons on the nitrogen 
atom which would be expected to decrease the s-character in the nitrogen bond 
orbitals with a consequential lowering in the N-—-H frequency. It may bi noted 
also that the N—-H frequency shows regular displacements with HAMMETT's o 
constants (Fig. 2B) for the substituents, but this may be partly due to a modifica 
tion of the inductive effect across the O—H---N bond. This type of interaction 
was found by IncranAm ef al. [2] for the free hydroxyl in the catechol series. 

Although the presence of overlapping bands makes accurate intensity measure 
ments difficult, some estimation of the equilibrium between the free and bonded 
forms can be obtained by measuring t he extinction coefficients for the free hy droxyl. 
The intensities of m- and p-substituted phenols [15] have been shown to vary with 
the nature of the substituent; on the other hand, in the present study, there appears 
to be little or no direct electronic influence on the hydroxy! group except through 
the hydrogen bond. As ¢," is a measure of the equilibrium constant, log €,* will be 
a measure of the free energy change for the equilibrium (I (1) 


[15] Srone P.J. and Tuompson H. W., Spectrochim. Acta 10, 17 (1957) 
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Jarre [16] has discussed the entropy changes involved in intramolecular bond 
formation and has concluded that these are small. With the present compounds, 
however. there will be a loss of one or more rotational degrees of freedom about 
the —CH,-group (which may be assumed to be reasonably constant). Furthermore 
it is well established that the magnitude of the shift in the hydroxy! stretching 
frequency is a measure of the strength of the hydrogen bond [17] (A//), and there- 
fore there should be a relationship between v,,, and log «,*. Fig. 3 shows such a plot 


and the relationship seems to be reasonably good in view of the assumptions 


involved and the accuracy of the intensity measurements. 
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Vibrational spectra of boron trimethyl and the 
question of internal rotation 


L. A. Woopwarp*, J. R. Hati*, R. N. Drxont and N. SHeprarpt 
(Received 26 November 1958) 


Abstract—The Raman spectrum of liquid boron trimethyl at approximately —100°C and the 
infra-red absorption of the vapour in the range 400 to 3000 cm~! are reported. An assignment 
of fundamental frequencies is proposed and from a comparison of calculated and observed entropy 
values it is concluded that the methyl groups rotate freely. 


Introduction 


THe Raman and infra-red absorption spectra of boron trimethyl! were first reported 
by Goupgav and Becuer [1] and the infra-red absorption was later investigated 
in greater detail by Stewart [2]. The present work was undertaken with the 
object of clarifying certain doubtful features in the Raman spectrum of the earlier 
workers and also because the vibrational assignment of Srewart and his con- 
clusions as to methyl rotation appeared to be unsatisfactory. Since the completion 
of our work a further paper has appeared [3] which reports a re-investigation of the 
infra-red spectrum and likewise suggests a revision of Srewart’s assignment, but 
which does not discuss the question of internal rotation. 


Experimental 
The sample of boron trimethyl used (estimated purity 99-95 per cent) was 
kindly provided by Dr. L. H. Lone of the University of Exeter. The compound 
melts at —160°C, boils at —22°C and is spontaneously inflammable in air. 
The Raman spectrum was photographed with the apparatus previously 
described [4], using Toronto are excitation, a cell of volume | ml and a Hilger E 518 
spectrograph. The sample was transferred to the Raman cell in vacuo and main- 
tained at approximately —100°C. A portion of the | ml cell was suitably “blacked 
out”’, as the sample volume was only about 0-6 ml. The principal exciting line was 
Hg, 4358 A; but even when a primary filter of saturated sodium nitrite solution 
was used to diminish the intensity of primary lines of lower wavelength it was clear 
that some very intense Raman lines (C-——H stretching) excited by Hg, 4046 A, were 
appearing on the long-wave side of Hg, 4358 A, and soconfusing the spectrumexcited 
by the latter. The position was completely clarified by taking successive spectra 
with a primary filter of either m-dinitrobenzene in benzene (which transmits 4358 A 
* Inorganic Chemistry Laboratory, Oxford 
+ University Chemistry Laboratory, Cambridge 

1} Gouseavu G. and Becner H. J., Z. anorg. Chem. 268, 1 (1952). 
| Stewart J. E., J. Research Natl. Bur. Standards 56, 337 (1956). 


3} Lenmann W. J., Witson C. O. and Sapiro L., J. Chem. Phys. 28, 777 (1958). 
4) Roure J. A. and Woopwarp L. A., Trans. Faraday Soc. 50, 1030 (1954). 
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and absorbs 4046 A more completely than does sodium nitrite) or iodine in carbon 
tetrachloride (which absorbs 4358 A and transmits 4046 A). The states of polari- 
zation of the Raman lines (not investigated by the earlier workers) were determined 
by the method of incident polarized light, using cylinders of suitably oriented 
Polaroid film surrounding the Raman vessel. 

The infra-red absorption spectrum of the vapour was obtained with con- 
ventional vacuum-type gas cells, using a diffraction-grating spectrometer with 
4800, 2400 and 720 lines/in. gratings. The slit-width was between the limits 0-5 and 
1 em~! in all the regions covered. 


lable 1. Raman and infra-red frequencies of boron trimethyl (em) 


Raman (liquid) Infra-red (gas) 


CGOUBEAU and 
Present work ‘ en Present work LEHMANN et al. [3] 
Becuer [1) 


321 sp depol 


32 
397 w sp 39 
4 


s6 (2 
680 s sp pol 675 
S62 mw sp si4 (2 ~S860 m br 
906 (4 
~952 vw sh? 
a70 (1 9708 
: 985 sh 
1062 (4) 
1149 s sp depol 1145 (6 1146). 1150 
1163 
1177 m sp depol 1195 (0 L189 s 1192 
1297 m br depol 1295 (1) 1306 vs 300-1: 
1422 s diff depo! 1440 (2) 
1470 m 
1972 w 
2161 w 
2451 w 
Ves sp po 
2926 m 2940 8 
2074s br depol 
29084 s S000 s 


very strong, sp sharp, br broad, diff diffuse, 
polarized. The figures in parentheses after the frequencies 
in the second column ¢ estimated intensities. 


Results 
The observed Raman frequencies are given in Table 1 together with estimated 
intensities, appearances of lines and qualitative states of polarization. For com 
parison the corresponding frequencies and intensities, as reported by GouBpEavu 
and Brecuer [1], are also included. The table likewise gives the observed infra-red 
frequencies, together with the corresponding data of LEHMANN ef al. [3]. 
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The only notable difference between the Raman spectrum observed in the 
present work and that previously reported is that we are quite unable to observe 
the line of frequency 486 cm~', which the earlier workers reported as of moderate 
intensity. In view of the fact that other lines described by them as having the 
same or even lower intensity are found in the present work, we must conclude that 
the line at 486 cm~! cannot have been due to B(CH,),. Some other lines reported 
by Gouspgavu and Becuer are also absent from our spectrum, but they were all 
described as extremely weak. 

Despite the considerably higher resolution used in our infra-red measurements, 
the spectrum we have observed is practically identical with that very recently 
published by LeHMann ef al. [3], and both confirm the earlier findings of 
STEWART [2]. 

Assignment of fundamental frequencies 

On general grounds the BC, skeleton of the boron trimethyl molecule will be 
expected to be planar, and this is confirmed by the electron-diffraction evidence [5]. 
The symmetry of the molecule as a whole depends upon whether the CH, groups 
are freely rotating about the B—C bonds or performing torsional oscillations about 
one or other of a number of conceivable equilibrium positions. As will be shown 
below, the evidence from entropy calculations shows that there is free internal 
rotation. In consequence it becomes possible to consider the vibrational problem 
without reference to these internal rotations, the number of vibrational modes 
being reduced from 33 to 30 and the effective point group becoming D,,. The 
symmetry species, the numbers and types of mode belonging to them and their 
activities in the Raman effect and in infra-red absorption are shown in Table 2. 
The descriptions of the modes in the last column are naturally approximate and 


only intended to indicate the predominant type of motion involved. 
There must be four predominantly skeletal frequencies, comprising two B—C 


stretches (symmetrical, »,, and asymmetrical, »,;) and two BC, deformations 
(out-of-plane, »,5, and in-plane, v,,). The other frequencies, associated predomin- 
antly with the methyl groups, comprise six C—H stretches, six CH, deformations 
and four CH, rocks. The C—H stretching frequencies are expected to lie in the 
range 2800 to 3000 cm~!, the CH, deformations at about 1300 to 1500 em- and 
the CH, rocks at about 800 to 1100 em~'. 

Table 2 gives our proposed fundamental assignments. The infra-red frequency 
320 cm~! (assigned to v,,) and the pair at 336 and 345 (assigned to » 19 for “B and 
1°B respectively) lie below the range of our infra-red measurements and are taken 
from the work of Stewart [1]. All the Raman lines observed by us are assigned 
in Table 2 with the exception of the very feeble one at 397 em-!, which was also 
observed by Gousgav and BecueEr [1] but likewise left unassigned. All our infra- 
red bands are assigned as fundamentals except for the weak ones at 1972, 216] 
and 2451 em~!, which from their position must clearly be overtones or combina- 
tions. 

The principal difference between our assignment and that of Srewarr [2] 


concerns the asymmetric stretching frequency yv,, of the BC, skeleton and the 


5) Levy H. A. and Brockway L. O., J. Am. Chem. Soc. 59, 2085 (1937) 
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symmetrical methyl deformation frequency yv,,. Since the B atom moves in the 
skeletal mode, a doubling of the observed frequency is to be expected on account of 
the presence of the isotopes "B and !°B (approximate relative abundances 4 : 1). 
Such a doubling is in fact found for the out-of-plane BC, deformation frequency r, ,. 


Table 2. Fundamental assignments for boron trimethyl with effective point group Dg), 


infra-red 
1) 


Raman 


Type of mode 
Av (em™) vy (em 


Species 


vy 2880 inactive (—H stretch 
a,’ Vy 1297 inactive CH, deformation (symm.) 
V3 680 inactive B-—C stretch (symm.) 


Vs inactive inactive C—-H stretch 
a,’ Vs inactive inactive CH, deformation (asymm.) 
Ve inactive inactive CH, rock 


V9 inactive 2984 C—-H stretch 
Ve inactive 1470 CH, deformation (asymm.) 
ay Vg inactive 967 CH, rock 
336 | BUC, | deformation 
"10 345 | BC, | (out-of-plane) 


2084 stretch 

Vie 2926 (—-H stretch 

V3 1470 CH, deformation (asymm.) 

Vig 1297 1306 CH, deformation (symm.) 
1149 | 1155} BK 3 | stretch 

"15 1177! 1189 | BC, | (asymm.) 

Vig S62 CH, rock 

"19 321 320 BC, deformation (in-plane) 


Vis 2974 inactive ( H stretch 

1422 inactive CH, deformation (asymm.) 
19 3 
Yen 900 inactive CH, rock 


For this reason we assign to v,, ("'B and '’B respectively) the pair of frequencies 
observed at 1149 and 1177 em~' in the Raman effect and at 1155 (double) and 1189 
em! in the infra-red. The relative intensities are as expected and the frequencies 
are in close accord with the isotopic product rule for a planar XY, molecule. This 
assignment is clearly to be preferred to that of Stewart, who chose 1309 em~ 
v,, 0f Cy, despite the absence of a corresponding frequency for ®BC,. Further- 
more our consequent assignment of 1306 cm~' to the symmetrical CH, deformation 
mode is in much better agreement with the trend of such frequencies shown in 


as 
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molecules with methyl groups attached to other elements of the same Period: see 
SHEPPARD [6] and LEHMANN et al. [3]. 

This alteration of Stewart's assignment represents a reversion to the earlier 
view of SIEBERT [7]. It should be noted, however, that in another respect SreBERT’s 
assignment was unsatisfactory: he regarded as a fundamental the Raman frequency 
486 cm~! which GouBEaU and BECHER reported but which is certainly absent from 
our spectra and so cannot belong to boron trimethyl. The assignment of skeletal 
frequencies in Table 2 is in agreement with that recently published by LenmMann 
et al. [3], and there is also a general agreement as to the allocation of frequencies 
to the other types of vibration. The only difference of substance is that we prefer 
to assign both strong absorption peaks at 1146 and 1164 cm~! to rotational branches 
of the same prependicular vibration, »,;, and not (as LEHMANN ef al. have done) 
to assign one of them to a methyl rocking mode. There are, in any case, only 
two methyl rocking modes that are expected to be infra-red active for D4, 
symmetry, and these are very satisfactorily assigned to the 858 and 967 em! 
frequencies. 

In view of the discussions given by the previous workers it does not appear 
necessary to go into details about all the individual assignments of Table 2. Except 
for the four skeletal frequencies there is inevitably a certain latitude in attributing 
the observed values to particular normal modes, though the assignments to the 
different types cannot be seriously in error. For the effective point group D,, the 
three a,’ frequencies v,, »; and vy, are totally inactive. Bearing in mind the types 
of motion they involve, we may ascribe to them the approximate values 2980, 1420 
and 900 cm~! respectively. 


Question of internal rotation of CH, groups 

The vibrational assignments of Table 2 are based upon the effective point group 
D,,,. which is appropriate to the B(CH,), molecule providing that the CH, groups 
are assumed to be freely rotating. The question as to whether such free internal 
rotation is indeed present can be settled by calculating the corresponding molar 
entropy of the gas at a chosen temperature and pressure and comparing the result 
with the experimentally observed value. In his paper |2] Stewart quotes the 
calorimetrically determined entropy at 199-92°K and 1 atm pressure as 68-29 cal/°C, 
but gives no limits of error. 

Under these conditions the calulated translational entropy amounts to 35-99 
eal/°C. Using the assignments of Table 2 we find that the vibrational contribution 
is 2-33 cal/°C. There remains the rotational entropy arising from overall molecular 
rotation and also from the assumed free internal rotation of the three methy! groups. 
The calculation of this part requires the moments of inertia of the molecule as a 
whole, the reduced moment of inertia of a methyl group for rotation relative to the 
rest of the molecule about the common axis, and also the total symmetry number. 
Combining the observed B—C bond length 1-56 A [5] with the assumed methyl group 
dimensions C—H = 1-09 A and HCH 109° 28’, we obtain the following values 


[6] SHeprarp N., Trans. Faraday Soc. §1, 1465 (1955). 
[7] Suepert H., Z. anorg. Chem. 268, 13 (1952). 
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for the principal moments of inertia of the molecule as a whole as: / , 209-20 
10-49 g. cm? and | 112-51 10-49 g (These values are inde- 


pendent of the co-ordinates of internal rotation). The reduced moment of inertia of 


a CH, group, defined as Joy. + u,),) Where Joy, and J u,), are 
the respective moments of inertia of the two parts of the molecule about the common 
axis, is calculated to be 5-05  10-# g.cm*. Finally the total symmetry number 
(cf. Prrzer and Scorr [8]) is 162, being the product of 3 x 3 x 3 = 27 for the 
three methyl groups (each possessing one threefold axis) and 3 x 2 = 6 for the BC, 
skeleton (which possesses one threefold axis and one independent twofold rotational 
possibility about one of the B—C bonds as axis. Using these values the calculated 
entropy contribution from overall molecular rotation and from the assumed free 
internal rotation comes out to 29-56 cal/°C. Adding the translational, vibrational 
and rotational contributions we obtain the total calculated molar entropy value 
67-88 cal/°C, which is almost identical with (in fact 0-41 cal/°C lower than) the 
observed value. The calculated value represents the maximum possible: any 
hindering of the internal rotation of the methyl groups must result in a lowering 
of the calculated figure and hence an increase in the difference from the experimental 
value. We are forced to the conclusion that the internal rotation is indeed un 
hindered. The small difference of 0-41 between the observed and calculated 
entropies must be ascribed to errors in the calorimetric determination and in the 
spectroscopic frequency measurements and assignments. 

Our conclusion, that the internal rotation of the groups in boron trimethyl is 
unhindered, is the opposite of that reached by Stewart [2]. From two calculations 
he obtained alternative molar entropy values considerably higher than the observed, 
and hence deduced that the rotation of the methyl groups must be hindered by a 
considerable potential barrier (amounting to 750 cal/mole according to one calcu 
lation and 1640 cal/mole according to the other). This conclusion is invalid, how 
ever, because it is based upon the results of calculations in which, although free 
rotation was assumed for both, the point group and symmetry number were 
erroneously taken as (,, and 81 for the one calculation and as C, and 27 for the 
other. In fact, as pointed out above, the assumption of free internal rotation 
uniquely fixes the effective point group as D,, and the total symmetry number as 


ye We are indebted to Dr. L. H. Lone for the pure sample of boron trimethyl 

Dr. D. W. Scott of the U.S. Bureau of Mines, Bartlesville, Oklahoma for a helpful dis- 
cussion of the symmetry n umber for the entropy calculation. The Cambridge authors are grate- 
ful to the warbon Research Group of the Institute of Petroleum for financial assistance. 
One of u .D.) ackne edges with thanks a Maintenance Grant from the DSIR, and another 


from the University of Queensland, 
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Excitation of the spectrum in a spark discharge* 


S. MANDELSTAM 
The P. N. Lebedev Physical Institute, The Academy of Sciences of the U.S.S.R., Moscow 


Abstract—This paper gives a short account of the result of a series of theoretical and experi- 
mental investigations carried out in the last few years by a group of investigators in the Physical 
Institute of the Academy of Sciences of the U.S.S.R. As the result of these investigations a 
hydrodynamic theory of the spark channel has been developed and a detailed picture of the 
process of excitation of spectra in the spark channel is obtained. 

The plasma of the channel in air is completely ionized and consists mainly of doubly charged 
ions of nitrogen; the density of the gas is approximately 5 x 10-° that of air under normal 
conditions and the concentration of electrons is approximately 10'* per cm*. lLons and electrons 
are at practically the same temperature 40,000—50,000 °C; the time required to reach tempera- 
ture equilibria of ions and electrons is about 10 7 sec. The distribution of atoms, ionization 
and excited states is given by the equations of Sana and BoLTzMANy, and the time for establish- 
ment of this distribution is between 10-7 and 10-!° sec 


1. Introduction 

As is well known, the special feature of the spark discharge from the spectro- 
scopic point of view is the “hot’’ character of the spectra, which show excitation 
of all the more difficult lines to excite up to those of multiply-charged ions. The 
interest of the physicist, and particularly of the spectroscopist, in the spark 
discharge has not decreased in the last few decades, as is shown by the large 
number of investigations of the subject published each year {1, 2]. But, in spite 
of this, there is no consistent theory of the spark in sufficient detail to elucidate its 
properties, as there is, for instance, for the are discharge 

The spark is usually obtained by discharge across the electrode gap of a con 
denser loaded to high voltage, with an inductance in series. The discharge usually 
consists of 5—15 oscillations with a period tr = 274/(CL), where C is the capacitance 
of the capacitor and JL is the inductance. With the circuits normally used in 
spectral analysis, 7 10-5—10-® see and the peak current J U4/(C/L) is usually 
in the region 10%—10° A. 

After the breakdown the potential difference between the electrodes drops 
rapidly. Already for a large part of the first period, and for all the subsequent 
periods, the discharge proceeds at a potential drop of less than 100 Y, similar to 
that in an are [3]. With the circuit components normally used, the spectrum of 
the discharge in air consists of the “air-lines” of N Ill, O Il, N Il, N J, H, the 
continuous spectrum, and the lines of neutral and ionized atoms of the elements 
present in the electrodes. As Kaiser stated very clearly, the luminosity of the 


* Expanded from paper to the VIth. International Colloquium on Spectroscopy, Amsterdam, May 1956, 


a M. MEEK and I D. CRAGGS, Electrical Breakdown of Gases. Oxford University Pre ss, 1953. 
2) W. Werzet and R. Romprr, Theorie elektrischer Lichtbogen und Funken Leipzig, 1949, 
| H. Kaiser und A. Warrarr, Ann. Physik 34, 297 (1939). 


255 


959 


S. MANDELSTAM 


spark is made up of two parts—that from the discharge channel, arising mainly 
from the atmosphere in the gap, and the jets of electrode vapour torn off at high 
speed from the surface of the electrodes [3]. The latter is of more interest from 
the spectro-analytical point of view, but the conducting channel is the basic 


phenomenon and its analysis gives a picture of the whole discharge process. 

The question then arises: to what extent do the above parameters affect the 
character of the discharge, and what is necessary to obtain a “hot” spectrum? 

Numerous investigators have shown that the existence of high voltage is 
not a necessary condition for the production of a spark discharge. In particular, 
in the last few years, there has been a large increase in the use of the “low-voltage 
spark” introduced into practical spectral analysis by Premsticker [4] and 
Sventitsky [5]. A condensed spark discharge is obtained using 100-200 V 
for the loading of the condenser, and the character of the spectra is extremely 
“hot.” Immediately after the breakdown of the gap there is a rapid drop in the 
voltage gradient in the spark gap: thus the special nature of the spark spectrum 
cannot be due to ionization and excitation by fast non-equilibrium electrons, 
usually referred to as “shock ionization and excitation”, and in connexion with 
the short duration, is usually contrasted with the “thermal ionization and 
excitation” which occurs in the are. 

It would also be incorrect to connect the “hot’’ spectrum of the spark with a 
large current during the discharge. The spectrum of an are running at some tens 
of amperes differs little from that of an are running at only a few amperes, and 
the spectra of both are very much “‘colder” than that from a spark. 

It is natural to link the special nature of the light output from the spark with 
the high density of energy which is liberated in the channel, or, what is equivalent 
to a high current density. In the case of a freely burning are the current density 
is of the order 10® A/em®; if the current is increased, the diameter of the arc also 
increases, and there is little change in the current density. In the spark the current 
density reaches values of 105-10° A/em*. Such values of the current density are 
reached with relatively small values of the current—10—-100 A—because of the 
very small diameter of the channel of the spark which carries the current. The 
value of the current density attained corresponds to an energy density which 
greatly exceeds that in other light sources; this accounts for the special nature 
of the radiation from the spark channel and the existence of the jets on the 
electrodes 

The special nature of the spectrum of the spark is consequently intimately 
connected with the mechanism of formation of the channel of the spark. A 
detailed investigation of the physical process of the formation and expansion 
of the channel is necessary in order to be able to understand the mode of excitation 


of spectra in the spark 


These considerations lead to the development of the hydrodynamic theory of 


the channel of the spark discharge, carried out in a series of investigations by a 


group of workers in recent years in the Physical Institute of the Academy of 


Sciences of the U.S.S.R. The results are briefly described below. 


K. Pre t , Spectrochim. Acta 1, 424 (1940). 
N Sy oklady Akad. Nauk SSSR 37, 233 (1942). 
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2. Mechanism of channel formation 

It is most important to investigate what happens in the stage of the discharge 
immediately following the breakdown and preceding the are stage [6]. This stage 
is characterized by a very rapid expansion of the channel at speeds up to 1—3 km/sec, 
which exceeds the speed of sound and by a strong sound wave [7, 8]. Such an 
expansion of the channel obviously cannot be caused by any gas kinetic process, 
for these propagate at speeds less than that of sound, or by diffusion of electrons 
or a process of photo-ionization. 


It is most natural to consider the initial stage of the discharge as an explosion. 
The energy of the explosion is in this case the thermal energy of the current which 
is dissipated in the conducting path produced by the breakdown. 

Oscillographic measurements show that in the first 10-7-10~® sec the energy 
liberated in the discharge channel is 10°10? ergs, comparable to that from a 
powerful explosive. A shock wave is produced and propagated at a high velocity; 


Fig. 1. Optical arrangement for the investigation of the 
expansion of the track and of the shock wave. 

the gas in the wave-front is at a high temperature and is strongly ionized. In the 
first stage of the discharge the radial advancement of the wave-front produces an 
expansion of the ionized region, i.e. an expansion of the conducting channel. 
Then the wave-front is separated from the channel, but continues to carry with 
it the region of hot gas, thus producing the further expansion of the channel. 
This process can be seen clearly in photographs, obtained with a rotating mirror 
in connexion with Téplers’ schlieren mounting. The principle of the method is 
shown in Fig. 1. Light from the horizontal spark J, is focused by the lens 4 on 
to the vertical slit 3; the slit is focused by the lens 5 and the rotating mirror 6 
on to the photographic film 7. The second spark J, is focused by the lens | on to the 
knife-edge 2, producing the schlieren picture. The correct timing of the sparks is 
obtained by the use of a special electric circuit. 

Fig. 2 shows some photographs obtained with this equipment. Clearly visible 
are the shock waves, the expanding channel and the envelope of the channel, 
(6) I. 8S. Apramson, N. M. Gececuxort, 8. I. Drapkrna and 8. L. Manpetstam, Zhur. Eksptl. i Teoret. 

Fiz. 17, 862 (1947). 


[7] Il. W. Frowers, Phys. Rev. 64, 223 (1943). 
{8} I. 8S. Apramson and I. 8S. Marscnak, Zhur. Eksptl. ¢ Teoret. Fiz. 12, 632 (1942). 
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which has not been found previously. It is also possible to see successive shock 
waves resulting from current oscillations. 
An approximate theory of the process has been developed by 8. O. DrapKina 
9 She obtained the following expressions for D (the velocity) and R (the 
radius) of the front of the shock wave. and for r (the radius of the channel): 
r ft 
D = 4K dt | 


0 


1/2 


ree 

R= Ki dt | (1) 

r= | dt| (2) 
E is the energy introduced into the channel at the moment of time ¢. K, LZ, M 
and .V are constants related to thermodynamic constants, the potential of ioni- 
zation and the density of the g 


Air at 760 mm 10 5: l 10 i 10 

Air at 200 mm 3-39 6-35 2.92 1-25 76 io! 

Air at 3 atm 3-87 lo? 3-46 1-33 1-25 lo! 3-76 

Argon at 760 mm 3-70 4:3 x 16 107! 
Hydrogen at 760 mn 8-99 S85 i-4 1-38 lo 3-63 


The values of these constants, calculated by Drapxkina for air at different 
pressures ind for argon and hydrogen are shown in Table 1. 
ABRAMSON and GEGECHKORI determined values of E(t) from oscillographic 


measurements in air/| 10 Measurements were made with different lengths ft spark 


0-Ol 
L 2 L 12 64 aH L 2 L 12 wH 
15 kV 


3 3300 «62600 2000 «1380 1160 720 1800 230 1670 1100 
lo? 1860) «1270 1200 750 765 430 1400 1000 600 
3 lo 1170 715 665 365 565 300 870 500 670 300 
5 lo? 930 550 630 330 500 250 600 315 430 215 
7 lo S00 450 580 300 430 915 500 250 300 130 
630 330 500 250 370 370 170 170 70 


330 
330 


S. O. Drapkina, Zhur. i Teoret. Fiz. 21, 473 (1951 
10) I. S. Apramsown and N. M. Gececuxort, Zhur. Eksptl. i Teoret. Fiz. 21, 484 (1951) 
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Fig. 5 Interference pictures of the spark track. 


Fig. 2. Photographs of the spark track. . : 
1: C = 0-01 L = U = 15kV. C = 025 uF, L = 12 4H, U = 12 kV. 


4 sec. 


2:C 0-01 wF, L 12H, U 15 kV. 1: End view, ¢ 

3: C 0-01 uF, L 12 4H, U 15 kV. 2: End view, 10 sec. 
4: Discharge in hydrogen, 3: End view, ¢ 12 sec. 
c 0-01 wF, L 2 wH, U 15 kV. 4: Side view, f 5 sec. 


Fig. 8. Collapse of envelope of track. Schlieren photos of spark. (a) Beginning of discharge, 
1: shock wave; 2: envelope of track; 3: track. (b) End of discharge. 
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gap; this made it possible to find what proportion of the total potential drop 
u,(in V) across the spark gap is associated with the electrodes, and hence to 
determine the potential gradient b, (in V/em) in the column of the discharge at 
different instants of time. : 

The results of these measurements are shown in Table 2. 

The current at time ¢ is given with sufficient accuracy by the equation 
J = Uv (C/L) exp (— Rt/2L) sin {t/,/(CL)}. 

GEGECHKORI [11] made a detailed experimental investigation of the speed and 
radius of the shock wave and of the channel for different values of capacity, 
self-inductance and initial voltage, and also for different gases. 

Table 3 shows some of her results for the speed of the shock wave D in m/sec, 
and the radius of the channel r in mm, for sparks in air. 

Good agreement was established between the experimental results and the 
calculations of Drapkrina. Fig. 3 shows, as an example, some of the theoretical 
and experimental results for the speed of the shock wave and the radius of the 
channel. Some of the lack of agreement between theory and experiment is 
attributed to the relatively rough estimation of the high loss of energy by radiation. 

According to the hydrodynamic theory, the density of the gas in the region 
of the channel must be low, because of the pressure reducing action of the shock 
wave. The calculation shows that there must be a high density gradient in this 


Table : 


0-25 uF 0-25 0-25 uF 
2 wH 12 64 
15 kV kV 1 kV 


D 


2600 2000 2600 2 2900 
2000 1360 2000 5 2100 
1800 1160 2! 1600 1770 
1650 2% 1060 1350 1400 
1500 “Di 1000 1150 1150 
1350 970 f 5 950 960 


1200 - 940 830 850 


region, which appears in the schlieren photographs as the envelope of the channel.* 


The density of the gas in the disturbed region has been investigated experimentally, 


using an interferometer [14]. 


* It may be noted that the envelope of the channel escaped observation by earlier investigators 
using a rotating mirror and Tépler mounting [12]. This was obviously because of imperfections in their 
optical system. It was recently shown with the aid of an image converter that the region near the 
envelope emits infra-r d lines from neutral gas ators [13). 
fll) N. M. Gececuxort, Zhur. Eksptl. i Teoret. Fiz. 21, 493 (1951). 

' G. Surrs, Gen. Elec. Rev. 4, 202 (1936); 9, 430 ((1941)). 
. P. Wantvuxov, W. I. Isaenxo and L. D. Hasov, Zhur. Tekh. Fiz. 25, 1248 (1955). 


\ Lie 
15 | 
a L L 2 wH L 2 wH 
t (sec) U 15 kV 20 kV 
r D r r D r dD r 
7 | on 
<,10 | 27 
3 10 "5 0-54 j 
5. 10 7 | 
7 
x 10-6 
1-5 10 6 
2 
[14] G. G. DoL_kovy and 5. L. MANDELSTAM, Zhur. Eksptl. « Teoret. Fiz. 24, 691 (1953). 
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Fig. 3. Theoretical — and experimental values for the speed of the shock wave and 
the radius of the track for different values of the inductance in series with the spark. 


( 25 U kV. 1: L 2: L l2 aH. 3: L 64 


Fig. 4. Optical system of interferometer 
J,: spark under investigation: J,: illuminating spark; 1 and 6: lenses; 2 and 5: semi 


i 
transparent plates; 3 and 4: mirrors; 7: slit; 8: photographic plate 


The method of doing this is shown in Fig. 4. The spark to be investigated, J. 
is placed in one arm of the interferometer, and the interferometer is illuminated 
by a second very short spark J,. The flash from this second spark can be adjusted 
relative to the first, using an electronic circuit. In this way interference patterns 
can be obtained at different instants during the development of the discharge. 


Examples of the interference patterns obtained are given in Fig. 5, and show the 


discontinuity in the interference fringes at the front of the shock wave, their 
sharp inclination in the neighbourhood of the envelope and their behaviour in the 
whole spark-channel area. 

The use of the interferometer makes it possible to determine quantitatively 
the spatial distribution of gas density at different instants of time. Examples of 
this are shown in Fig. 6. Using the hydrodynamic equations, a knowledge of 
the density makes it possible to determine the temperature and pressure of the 
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gas for all the disturbed regions. This data has been obtained for the wave-front, 
the region behind the front, and for the region of the channel itself. The results 
agree well with theoretical calculations. 

For the region of the channel itself it appears that the density and temperature 
of the gas are practically constant over the whole cross-section. Fig. 7 shows the 


Fig. 6. Distribution of gas density in the discharge. 
0-25 uF, L 2 4H, U 1OkV.1l:y lusec. 2: 
t 1-7 psec. 3: 2-9 usec. 4: 5-6 asec. 5: 

OS asec. 


Fig. 7. Distribution of density and temperature over a cross-section of the discharge. 
P/ 
C = 0-25 uF, L = 24H, U 10 kV, t = 2-9 usec. 
1: Front of shock wave. 2: Envelope of track. 


distribution of density and temperature of the gas for all the disturbed regions of 
the discharge at time ¢ = 2-94 sec when the circuit components have the values 
C = 0-25 wF, L = 2 wH and U = 15kV. The average density of the gas in the 
region of the channel is p~ 5 10-* g/em®, the average gas temperature 7’, ~ 
40,000°C and the average pressure p ~ 10 atm.* The above-mentioned dens'ty 
is about 4 x 10-% of the normal value, and corresponds to V ~ 10"’ particles 
per em’. It should be emphasized that, considering the difficulty of the 
experimental method, this data cannot claim any high order of accuracy and only 
gives the order of magnitude. 

When the pressure at the front of the shock wave falls to 2 atm, the pressure 
on the axis of the channel is 1 atm. After this, the pressure at the axis falls below 
atmospheric and there is an influx of gas towards the axis. This causes the 
envelope of the channel to collapse, as is clearly shown experimentally in Fig. 8. 


* The temperature, pressure and density of the gas in the region of the channel are related to each other 
by DraBkINA’'s equation: 1)AT® = p,-+)), where A 6-9 x 104,a = —1-22 107,6 = 1-55 
and y = 1-22 (fully ionized gas). 
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It is interesting to note that the interferometric measurements give a negative 
value for n(—1) near the axis of the spark channel, where » is the refractive index. 
This is shown in Fig. 9. It is natural to attribute this to the existence of the 
electron gas in the channel. For an electron gas n? — 1 4nN .c?/mw*, where 
N, is the concentration of electrons. Calculation from this equation gives V, ~ 1017 
electrons/cm?. 

From the radius of the channel and the value of the current, it is possible to 
calculate the current density at different instants of time. Results for different 
values of the circuit parameters are shown in Fig. 10. It will be seen that the 
greatest value of the current density, about 5 10° A/em?*, occurs during the 


Fig. 9. Refractive index of plasma near to axis of track. 
( O25 uF, L U 10 kV, ¢ 2-9 psec. 


first 2 x 10°? see. During this time the radiation from the spark (the spectrum 
of the atmosphere) has the “hottest” character. 

It is found that the value of the self-inductance in series with the spark has 
the greatest influence on the current density and consequently on the spectrum 
of the discharge; a reduction of the inductance causes a rapid increase in the 
current density. An increase in capacity causes an increase in the current, but at 


6x10° 
U=15 kV 


psec 


Fig. 10. Current density in the track for different values of the circuit elements. 


the same time there is an increase in the diameter of the channel, so that the current 


density is not affected. This dependence of the character of the spark spectrum 


on the value of the inductance, and its relative independence of the values of the 
capacity and voltage, are well known in practical spectroscopic analysis. 
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3. Excitation of spectra in the spark 

In order to relate the radiation from the spark with the phenomena occurring 
in the spark gap it was necessary to investigate the variation of the radiation with 
time. A photoelectric method was used for this purpose; the block scheme is 
shown in Fig. 11 [15]. The spark J,, between horizontal electrodes, is focused by 
the condensing lenses 1 and 2 on to the slit of the monochromator. 3: this slit 
only passes a narrow band of light from the middle of the spark gap. The con- 
densing lens 2 reduces vignetting, and focuses the lens 1 on to the collimating 
lens of the monochromator. Light from the exit slit of the monochromator falls 
on the photomultiplier 5; the lens 4 focuses the camera lens of the monochromator 
on to the photocathode. The spectrum can be observed visually through a micro- 
scope and deflecting prism, placed at the exit slit of the monochromator, so that 


adjustments can be made, and the required spectral line selected. The signal from 


3 


Fig. 11. Block diagram of apparatus for investigation of variation of line intensity with time, 


the photomultiplier is amplified by the wide band amplifier 6 and applied to the 
Y plates of the oscillograph 7. The triggering of the time-base must be synchro- 
nized with the spark so that there is a short interval before the arrival of the signa! 
from the photomultiplier. This can be done in different ways, either delaying the 
initiation of the spark or delaying the signal from the photomultiplier. In the 
method shown in the figure, part of the light from the spark is reflected by the 
plate 8 and falls on the photocell 9. The signal from this photocell, after ampli- 
fication and differentiation, is used to trigger the time-base of the oscillograph: 
a delay line for the signal from the photomultiplier is used to produce a delay 
of 1-5 wsec. A light signal generator of the Raiskij type [16] was used to check 
that the registration of the light impulses was free from distortion. The equipment 
was capable of registering a single light impulse from a spectral line with a light 
flux of ~1 10-° lumens and with a time resolution of 2 10-* see. Investi- 
gations were made with the lines N III, N IT, OIL, H,, and with a background of 
continuous radiation. 

\. Varnscnrers, A. M. Leowrovicn, L. P. MatiarKen and 8. L. Manpetstam, Zhur. Eksptl. i 


Teoret. Fiz. 24, 326 (1953) 
S. M. Ratsxiyy, Zhur. Ekesptl. i Teoret. Fiz. 22, 780 (1952). 
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The oscillograms show that the variations in intensity of each line follow, in 


general, the variations of the current in the discharge. However. the correspon- 


dence in the first periods of the discharge is not exact. The intensity of each 
line passes through its maximum at a different time. The line N ITI reaches its 
maximum intensity first, followed by NII and OIL; the greater the excitation 


potential of the line, the sooner it reaches its maximum intensity. The background 
reaches its maximum intensity between the times for the lines N III and N II. 
The oscillograms for the lines N III, N I, H,, and for the background are shown 
schematically in Fig. 12. Fig. 13 shows graphically the relation between the 


excitation energy of a line and the time at which it reaches its maximum 


intensity. The three curves are for different values of the circuit parameters. 
The curves are based on the line N ITT, and on some of the lines N II with different 


psec 


Fig. 12. Oscillograms of the intensities of lines and continuous spectrum. 


O25 uF, L lO wH, U 14 kV. 


excitation energies; these energies include the corresponding ionization potentials 
(E l4-5eV for the line NII, and 14-5 29-5 44e\ for the line N ITI). 


Also shown on the curves are the times when the background reaches its maximum 


intensity. This corresponds to excitation potentials of ~55 eV for hard operating 


conditions and ~45 eV for soft conditions: this matter is discussed further below. 


The above changes in the line intensities with time are the results of the 


combined action of the growth of the channel and the changes in the temperature of 


0-4 0-8 16 2-0 2-4 
t pesec 


Fig. 13. Relation between the excitation potentials of lines and the times when the lines 


reach their maximum intensities 


1:¢ ak, L 10 2:¢ O25 uaF, L 2-6 wH. 3:C O25 L 10 wH. 


excitation. As the channel grows, the numberof radiating atoms increases; achange 


in temperature causes a change in the number of atoms in a given state of ioniza- 


tion and in the number of excited atoms. 


In this respect the behaviour of the hydrogen line is characteristic. The 
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Excitation of the spectrum in a spark discharge 


oscillograms of the photocurrents from this line and from the N II line are compared 
in Fig. 14. The intensity of the H, line increases up to the end of the discharge. 
In the initial stages the discharge is so hot that most of the hydrogen atoms are 
ionized and the intensity of the lines of neutral atoms is small. As the temperature 
of the discharge falls the total number of neutral atoms increases more rapidly 
than the proportion of excited atoms decreases, with the result that the intensity 
of the line increases. It will be noticed that the successive minima in the intensity 
of the H, line coincide with the maxima of the N II line; the temperature 
rises at these instants are associated with decreases in the total numbers of H 
atoms. 

Fig. 15 shows schematically the oscillograms of the photocurrents for a 
discharge at reduced pressure [17]. In the initial stage of the discharge the 


Fig. 14. Oscillograms of the intensities of the lines Hz 6562 A and NII 6482 A. 
C = 0-25 uF, L 10 wH, U 14 kV. 


molecular bands of N, are excited; then, as the temperature rises, the molecules 
dissociate and the H, line appears; then, as ionization increases, the N IT line 
appears followed by the N III line. Later, as the temperature begins to drop, the 
intensity of the N III line falls and the intensities of the N IT and H, lines pass in 
turn through second maxima. 


IN2 


2 4 6 8 
t jssec 


Fig. 15. Oscillograms of line and molecular spectra for discharge under reduced pressure. 
P 20 mm Hg, C 0-25 uF, L 10 wH, U 14 kV 
N, band at 4059 A, HI line H, at 6562 A, N LI line at 5045 A, N III line at 4097 A. 


We turn now from this qualitative picture of the processes of excitation and 
ionization to a more detailed analysis [18]. As was shown by Sacnarovy [19], the 
basic process leading to the excitation of atoms is collision with electrons. 
The reverse process, the destruction of excited atoms, is the collisions of the second 


[17] S. L. Manperstam and I. P. Trxpo, Izvest. Akad. Nauk SSSR (Ser. Fiz.) 19, 60 (1955). 
8. L. Manpetstam and N. K. Suxnoprer, Zhur. Ekspil. Teoret. Fiz. 24, 701 (1953). 
[19] A. D. Sacnarov, Izvest. Akad. Nauk SSSR (Ser. Fiz.) 12, 373 (1948). 
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kind with electrons, and by spontaneous emission. The variation with time of the 
concentration of excited atoms V, may be written 


dN = N,N,P, — N,N,P,— AN, (3) 


N,! 
where NV, is the concentration of atoms in the ground state, NV, is the concentration 
of electrons, A , is the Einstein coefficient for the probability of spontaneous emission. 
The coefficients P, and P, can be expressed in terms of the effective cross-sections 
for collisions with electrons of the first and second kinds, S,(e) and S,(e’), using the 


equations 


and P, S(e') de’ (4) 
20 

Here F(e) is the Maxwell function for the velocity distribution of electrons at 

the electron temperature 7',, given by 


» 2 
1/2 


F(e) exp (—e/kT,) (5) 


e And ¢’ are the corresponding energies of the electrons before and after the collision 
é e + E,, where E, is the excitation energy of the atom. The effective cross- 
sections are related by the Klein-Rosseland equation 


(ele = S,(e')e’ (6) 


Hence it follows from equations (4) and (5) that 


P, oxp | -E, kT) (7) 


Gi 
Considering now the stationary state dN ,/dt = 0, it follows from equation (3) 
that 
N,N = + AN (8) 


The relative magnitude of the two terms on the right-hand side can be estimated. 
No values for S,(e) and S.(e’) are given in the literature, so that it is necessary to 
make an approximation. If we put P, = S,v, so that S, ~ 10-7 em?, v ~ 108 em 
sec, A, 108, N, 10!) By = 25eV and T, = 40,000°C, we obtain 
NN.P, N.P, 
A 


i 


~ 102 


This means that the second term on the right-hand side of equation (8) can be 
neglected, so that 
NN = NN,P, 
on 
and hence N, = — N, exp (—£,/kT.) (9) 
Jo 

i.e. the Boltzmann distribution of atoms in the excited states with the temperature 

The process of ionization can be considered in a similar way. Llonization is also 
produced by collisions with electrons. The reverse processes are recombination 
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in a triple collision and recombination in a double collision with radiation of a 
photon. 

The variation with time of the concentration of ions, ionized to the jth degree, 
can be written 


dN,/dt = N.N,_,Q, — N2N,Q, — N.N,Q,* (10) 


where N,_, is the concentration of ions, ionized to the (j — 1)th degree, and N, 
is the concentration of electrons. The coefficients Q;, Q,, @,* are related to the 
effective cross-sectional areas for the processes by the equations 


[ | de, de,’ 


JE; 


Q, = [ | de,’ de,’ 


«0 


de,’ 


(11) 


and e, =e,’ + e,’ + E,, where E, is the energy of ionization of atoms from the 

(j — 1)th degree. 

The cross-sections o, and o, are related by the equation (20 
r . 


l6arm 


We consider again the stationary state dN,/dt = 0. The values of the last two 
terms on the right-hand side of equation (10) can be compared: 


= 102 — 10 
@Q* 


It follows that 


N.N,_.Q,; = N2N,Q, 


} N,N, 
whence 


7 


exp (—E,/kT’,) (12) 


that is, the distribution of atoms with ionization states is in accordance with Saha’s 
equation, where the temperature 7’, is the electron temperature. 


It is now necessary to consider when the equilibrium distribution given by 
equations (9) and (12) is established. For this it is necessary to integrate 
equations (3) and (10) with respect to time. As an initial boundary condition it 
is taken that, when ¢ = 0, all the atoms are excited for equation (3) and that they 
are all ionized for equation (10). Then 


Pet Po exp {—(P.N, + PN.) 


P.+pP + No) (13) 


Q,* = 
r 
/0 
@ 
15 
959 
267 


S. MANDELSTAM 


and the time for the establishment of the equilibrium state 


exp (—E,/kT,) 
I q Jo 


is of the order of magnitude +, ~ 1/(N,P, + N,P,) so that, taking the previous 
values for V,, and P,, 7, ~ sec. 

Similarly, integration of equation (10) gives 

Q, + Q,N, exp {—(Q,N, + 
Q 


and the time for the establishment of the equilibrium state 


N (N, - 


2U 


exp (—£,/kT,) 


is of the order of magnitude 
l 


To ~ 10-7 see 


NQ,;,+ N,Q, 
Thus there is very little error in using the equilibrium state equations (9) and (12) 
for the channel of the spark discharge. 

We can now use the results of photoelectric measurements of line intensity 
for determination of the electron temperature of the discharge by Ornstein’s 
method. With a Boltzmann distribution of atoms with respect to levels of ex- 
citation, and in the absence of reabsorption, the intensity of a line is given by 


J h v,ANo exp (— E, 


Jo 
where NV, is the concentration of atoms or ions in the normal state.* The values 


Table 4 


Pair of lines Ag,(10-*))  E,(eV) | log (J,/J¢) T, (°C) 


N 4097 A : 43,000 
N 11 3995 A 
NID 5179 A 
N 5045 A 
N IT 5535 A 
N 11 5495 A 


Average 44,000 


* It should be noted that some of the strongest N LI lines show considerable reabsorption [ 15). 
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of A, for some of the N II lines and one of the N III lines were obtained from 
tables [20]. The concentrations of nitrogen ions of different degrees of ionization 
were calculated for different temperatures from Saha’s equation. For these 
calculations, in accordance with the interferometric investigations described above, 
it was taken that the total number of neutral atoms and singly, doubly and trebly 
ionized atoms, i.e. the total number of particles in 1 em* is constant, and is 1017. 
Table 4 shows the temperatures calculated from the photoelectric data, for three 
pairs of lines, for the following values of the circuit parameters: C = 0-25 uF, 
L = 10 U = 15kV, when t = 5 10-7 see. For each pair of lines the 
sensitivity of the photomultiplier is constant. 

In view of the lack of precision in the measurements and the approximate nature 
of the values for A,, the temperatures calculated from the three pairs of lines agree 
well enough. Fig. 16 shows the variation of the temperature in the spark channel 
during the first period of the discharge for the same values of the circuit elements. 
45 000 


40 OOO} 


35 000}- 


30 000 
0 


1 


Fig. 16. Variation of temperature during the first period of the discharge from the ratio of the 
intensities of the lines N III 4097 A and N II 3995 A. 
C = 0-25 uF, L = 10nH, U = 15 kV. 

These very high values for the electron temperature of the spark channel are in 
quite good agreement with the data of GLASER [21], obtained for rather different 
conditions. 

Considering the possible errors and lack of precision in the measurements, this 
electron temperature of 44,000°C may be taken as the same as the gas temperature 
of 40,000°C obtained from the interferometric experiments. This shows that an 
equilibrium is established between the electron and gas temperatures in the spark 
after 10-*-10-* sec. This experimental result is confirmed by the following 
calculations. The rate of transfer of energy from electrons to ions by elastic colli- 
sions is [22]: 

dW 27m) T,) In l 
j 


(7. (15) 
dt 32 MN, 


where the summation is necessary to include all sorts of ions. The total energy of 

the ions in | cm? is 

> NAT, 
j 


Hence, assuming that the gas consists of doubly charged ions, the rate of change of 


0) D. R. Bares and A. DamGaarp, Phil. Trans. Roy. Sec. London 242, 101 (1949). 
1} G. Guaser, Z. Naturforsch. 6a, 706 (1951). 
2) L. D. Lanpav, Zhur. Eksptl. i Teoret. Fiz. 7, 203 (1937). 
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temperature is 
iT, 16e4N (27m)? (kT,\3 
dt 3(kT_ \ 


4 


(16) 


This can be integrated using the initial boundary condition that 7, — 0 when 
(= 0. We obtain the result that the time for the attainment of equilibrium between 
the temperatures of the gas and of the electrons is 


3(kT, 
(2am)? In 


T; ~ 10-7 sec* 

Finally, Table 5 shows the results of the above calculations for the concen- 
trations of ions of different degrees of ionization and Fig. 17 shows the intensities 
of the lines N III and N II, caleulated from equations (9) and (12), for the high- 
temperature region. 

Table 5 


7 


20.000 

30.000 50 
40,000 . 93 
50.000 61 
60.000 10 


The table shows that, in the temperature range 40,000-50,000°C, most of the 
nitrogen atoms are in the state of doubly charged ions, but that there is a consider- 
able number of trebly charged ions. This is in good agreement with the previous 
estimate of the “excitation potential” of the continuous spectrum; for hard 
operating conditions this was 55 eV, which exceeds the ionization potential for the 
doubly charged nitrogen ion. Hence it follows that the concentration of electrons 
in the plasma of the spark channel is of the order N, 10'*: this agrees well with 
the result obtained from the interferometric investigations, and also with data in 
the literature obtained from measurements of line-width and spark conductivity 
(23). The temperature of 40,000—50,000°C, and the ionization states of nitrogen 
calculated above, are also in good agreement with the general appearance of the 
spectra. As is seen in Fig. 17, the intensities of the N IIIT and N II lines are approxi- 
mately equal. Of the N I lines only the line 4935 A can be seen in the spectrum 
of the spark channel: it is very weak and can only be seen in the last stages of the 
discharge; calculation shows that this line should reach its maximum intensity 
at 20,000°C and should be weaker than the N IT lines by two orders of magnitude. 

It appears that in spite of the approximations made in the calculations and the 
considerable uncertainty in the values of the constants, the general picture is 

* It should be noted that the values of r,, 7,, 7, are quite different from those obtained by Werze. 


and Romre {2}. This is attributed partly to differences in the data used and partly to different methods of 

calculation. In particular, their +,(Ar,) is in fact the time of cooling of the electron gas instead of the 

tume of heating of the ton gas (assuming that 7’, is maintained by the discharge). 

[23) I. D. Craces and W. Horpwoopn, Proc. Phys. Soc. London. 59, 755 (1947);1.D. Cracesand I.M. Meek, 
Proc. Roy. Soc. London A 186, 241 (1946). 
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well founded. In particular, the use of the equations of Boltzmann and of Saha 
should not be surprising; as can be seen from equations (8) and (10) concentration 
of electrons is sufficient for the Boltzmann and Saha distributions to apply. The 
electron concentration is greater in the spark than in the are by two orders of 
magnitude and the use of these distributions for the are is very well established 
[24, 25]. 


20 000 40000 60000 


= 
Fig. 17, The intensities of the lines N III 4097 A and N II 3995 A, 


calculated for a range of high temperatures. 


Conclusions 

On the basis of the experimental and theoretical investigations described above, 
it is concluded that the characteristic nature of the spark discharge is the high 
temperature (40,000-50,000°C) of the plasma in the channel carrying the current 
which is due to the extremely high rate of liberation of energy per unit cross-section 
of channel. The latter is made possible by the ability of electrical! circuits to give 
a very rapid rate of increase in current and by the specific mechanism of expansion 
of the channel. Because of this, the current rapidly reaches a high value, while 
the cross-section of the channel expands more slowly, so that the current density, 
and hence the energy density, always remains high. In this sense the spark is 
similar to the arc, in which the channel is restricted artificially from outside, with 
the result that a higher current density and a higher temperature, nearer to that 
of the spark, are obtained [23, 24]. 

As a result of “sucking out” by the shock wave, the density of the gas in the 
spark channel is not very high, so that the degree of ionization can reach very high 
values. On the other hand, the density of the gas is not too small; this ensures 
a high absolute concentration of electrons, adequate for all the elementary pro- 
cesses of transfer of energy between electrons and gas atoms. Hence, in spite of 
the rapidity of the discharge, the plasma of the spark is characterized by a 
stationary state for the ionization and excitation of atoms, and has a single 
temperature for the excitation and ionization of electrons and atoms. 


[24] I. A. Smir, Physica 12, 683 (1946). 
25) R. Manxopr, Z. Physik. 86, 161 (1933). 
F. Burnorn, H. Marcker and T. Perers, Z. Physik. 131, 28 (1951). 
27| W. Locute-Hourceven, Z. Ver. dent. Ing. (1955). 
Additional reference: 
W. L. Granovski, Elektrischer Strom in Gasen, Vol. 1. 1952. 
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Simple cup electrode for spectrographic analysis of solutions 
(Received 23 July 1958) 


Ir is highly desirable that spectrographic techniques should be simple, rapid and easily 
operated, particularly for routine analytical work. For this reason, solution techniques 
have only recently been much used. FeLtpMa [1] introduced the porous cup technique, 
which has many advantages, and employs only a small volume of solution and gives a 
high order of accuracy. A disadvantage in our opinion, however, where modern multi- 
source discharges are available, is that full advantage cannot be taken of these discharges, 
since heat dissipated in electrodes invariably forces the solution out of the porous electrode. 
In fact only relatively cool discharges may be used successfully with this technique, with 
a consequent limitation in sensitivity of detection. 

A cup electrode, described in the Sixth International Spectroscopic Colloquium [2], 
for the analysis of solutions of slags, did not seem to suffer from any disadvantage regarding 
the type of discharges used with it. Hence, with this electrode, maximum possible 
sensitivity of detection of elements in solution could be expe cted, if the appropriate over- 
damped multisource discharge with a long “burning time” was used. Two disadvantages 
of this electrode were soon apparent First, the copper electrodes are liable to acid 
attack and, secondly, for rapid routine applications, it is desirable to have an electrode 
which is rather more simple to manipulate. Accordingly, with these points in mind, a 
simple cup-type electrode has been developed which is easy to make, impervious to acid 
attack, uses a relatively small volume of solution, and can withstand relatively high 
temperatures, hence the type of discharge is not limited, and may be rapidly put into 
operation 

The solution electrode is shown in Fig. 1 and actual types in use are shown in Fig. 2. 

The electrode consists essentially of a central rod of nominally 3 mm diameter tungsten. 
To this is sealed a funne l-shay ed glass cup, W hich acts as a reservoir for the solution to be 
analysed. A special high-purity carbon cap, the dimensions of which are given in the 
figure, fits tightly on the end of the tungsten rod and serves as the anode for the discharge. 
The cap protrudes 1 mm above the level of the glass funnel, the distance being measured 
by a simple type of spacer devised for this purpose. The larger of the two electrodes 
illustrated, holds approximately 6 ml of solution when full, whilst the smaller holds 2 ml 
of solution only 


In operation, the cup electrode, which is the anode, is placed in the lower are stand 


holder, whilst a flat-ended carbon electrode is placed in the top holder, with a gap setting 
of 3 mm. The solution to be analysed is poured or pipetted into the funnel, filling it to 
the brim. The discharge may now be started. It would appear that this anode acts 


1} C. Fetpman, Analyt. Chem. 21, 1041 (1949 


2 Ho. I Dat x. Li Sarm-Cno and Wane THANG Soo, Spectrochim. Acta Colloquium S pectroscopicum 
j 7 J } 


Internationale \ I. 212 (19057 
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similarly to the Feldman electrode, rather than in the manner described by Ho, Li and 
WANG, since the discharge first conditions the carbon anode, enabling solution to seep 
through the electrode to the surface, where it is evaporated and excited. This action may 
be readily observed if the discharge is stopped, when, after a few seconds, solution may 
be actually seen seeping through to the surface of the anode. 


Cathode 


Carbon anode 


Solution > 


Gloss cup 
he 
Glass/metal 
seal 
Cap to fit tungsten 


7. st tight! 
8 tungsten ‘guy 


rod 


Fig. 1. 


The level of the solution drops, during the exposure period, to an extent dependent 
upon the type of discharge being used. A spark discharge evaporates very little solution 
and sensitivity of detection is relatively low. With Hilger-BNF multisource discharges 
of the over-damped type, however, the level may drop appreciably and a high order of 
sensitivity is obtained. 

The electrode is quite robust, and easily withstands controlled high energy condenser 
discharges having an average current of 6 A, over a per iod of three min. Each electrode 
may be used repeatedly, the anode being renewed for each exposure. There is little or no 
sputtering of solution out of the electrode during O} eration. 


Results 

The electrode has been used successfully in the analysis of nickel alloys used in electronic 
devices. Solutions containing 10 mg/ml of nickel are excited by a Hilger-BNF multisource 
discharge having the following electrical parameters: Capacity 250 uF, resistance 15 Q, 
inductance 0-06 mH. This discharge is over-damped with a long “burning” period, giving 
spectra which are similar to d.c. are spectra, both in appearance and sensitivity of 
detection of impurities. 

In Table 1 are given some results obtained for nickel samples using this technique, 
compared with the corres} onding chemical analysis. 

They show good agreement between the spectrographic and chemical results and indicate 


the sensitivity of detection that the procedure may give. For the elements listed in the 


table the quantitative limit of determination lies in the region of 0-005 per cent, even 
though the most sensitive lines were not utilized in several instances, e.g. Mg, Fe, Mn and 
Si. We estimate that for these determinations, 0-5 p.p.m. may be determined and smaller 
amounts may be detected. 
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Table 1. 


Sampk 
Spectro 2 OLS 0-004 
Chemics 2% 0-016 0-044 O-OLS : 0-008 


0-026 0-23 0-023 2} OOLS 


Conclusions 
A design of electrode is given which is sim; le to make and suitable for routine analysis 
of solutions spectrographically. Its particular virtue lies in the fact that “arc’’-like 
multisource discharges of high energy content may be used, with consequent high precision 
and sensitivity of analysis of solutions. It is hoped to present further work on solution 


analysis, in fuller detail, at a later date. 


Acknowledqements We should like to thank Dr. J. A. M. van Mouti, Head of the Material 
Research Laboratory, and the Directors of The Mullard Radio Valve Co.. Ltd., for permission 


to publish this Note ° 
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Infra-red spectra of chemisorbed nitric oxide molecules 
(Received 28 January 1959) 


It has been previously shown in this laboratory that the sign of the change in the vibration 
frequency of NO can serve as criterion of its electron-donating, or electron-accepting 
behaviour in addition compounds and complexes [1]. In the former case, i.e. that of a 
positively ionized NO* molecule, its vibration frequency is observed in the limits between 
2000 and 2400 cm~'. When a negatively charged NO~ molecule is formed, its frequency 
is around 1000-1100 em~!, whereas the frequency of a neutral gaseous molecule is 1876 em. 
Moreover, being a free radical, the NO molecule can either enter into a covalent bond with 
a partner possessing free valencies, or can form a co-ordination bond with a centre pos- 
sessing unfilled d-orbitals. This property of nitric oxide has been used in the work here 
reported to probe the character of the surface centres of some metallic and oxidic catalysts 
by adsorbing nitric oxide on them and noting the shifts of the infra-red bands of the 
adsorbed molecules. 

The technique for depositing finely dispersed metal on a porous support by thermal 


decomposition of the corresponding metal carbonyl adsorbed on it, has been described by 


1) A. Terenty, V. Firmonov and D. Bystrov, Z. Elektrochem. 62, 180 (1958). 
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one of us a long time ago in connexion with the infra-red spectroscopy of adsorbed molecules 
[2]. We have recently shown [3], that CO, chemisorbed on Ni dispersed by this procedure 
on alumina gel, gives a spectrum quite similar to that first observed by ErscHens and his 
associates [4]. These researchers used a very successful technique of impregnating a non- 
porous very finely grained powder of SiO,, or Al,O, by metal salts, which were subsequently 
reduced to the metal. 


“2400. +2000 1800 1600 


Fig. 1. Infra-red spectrum of NO chemisorbed on Fe dispersed on Al,O,-gel by thermal 

decomposition of Fe(CO),;. Sample 10 mg cm-*. J , transmitted radiation flux before 

adsorption, J, after 10 min adsorption of NO (10 mm Hg). The dashed vertical line 
indicates the position of the NO band for the gaseous state. 


In extension of our previous research, we have now shown that NO gas, adsorbed at 
20°C on dispersed iron, obtained by our method on alumina gel support, exhibits an intense 
infra-red band at 2010 em-! with a much feebler one at 1805 em~ (Fig. 1). The value of 
the former frequency corresponds to an ionized NO* form of the molecule and indicates a 
predominantly electron donating bond between the molecule and the surface of iron. The 
bands of the adsorbed nitric oxide disappear, however, on prolonged evacuation even at 
room temperature. 

The infra-red spectrum of NO, adsorbed (at 20°C) on a ferric oxide gel (specific surface 
100-200 m? g-") exhibits a dominating absorption band at 1806 em~!, which disappears 
together with subsidiary bands at 1927 and 1735 cm™! on evacuatingat 150°C only. Thesame 
group of bands disappears upon admission of oxygen at room temperature, being replaced 
by a unique strong band 1620 em~, evidently due to adsorbed NO, molecules formed in 
the reaction with oxygen. The behaviour of this group of bands is consistent with a rela- 
tively feeble chemisorption of NO on Fe,O,-gel. But another band group consisting of a 
! remains during 


marked band at 1700 em~! with subsidiary ones at 1665 and 1625 em 
the evacuation up to 350°C and is unaffected by oxygen. This group can evidently be 


2) A. Terentyn, Zhur. Fiz. Khim. 14, 1362 (1940). 

(3) A. Terentry, Problems of Kinetics and Catalysis. Conf. Academy of Sci. of U.S.S.R., 1958. In press. 

[4] R. P. Erscuens and W. A. Puiskiy, Advances in Catalysis Vol. X, p. 2. Academic Press, New York 
(1958). 
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ascribed to more strongly held unreactive NO molecules. In the same frequency range 
bands appear when nitric oxide is adsorbed on silica gel, alumina gel and alumosilica gel. 
In these cases bands are also observed at 1865 and 1770 em~! of the N,O, dimers of liquid 
nitric oxide, which evidently was condensed in the finest pores of these adsorbents. The 
band group 1700-1625 em! is situated in the frequency range 1690-1610 cm~ of the 

O—N-O group [5]. This suggests that we are dealing here with NO molecules held 
by O atoms in the gels concerned. 

Nitric oxide adsorbed on chromic oxide gel, or on amorphous finely-ground Cr,O, 
powder (specific surface 200 m* g~') exhibits infra-red absorption bands similar to those 
observed on Fe,O,-gel, but differing in position and relative intensities. The 
bands are 1842 and 1810 cm~'! with a subsidiary one at 1734, and are similar to the group 
around 1806 in the case of Fe,O,-gel. The more intense bands 1806 (for Fe,O,) and 1842 
(for Cr,O,) are likely to belong to NO molecules covalently bound to the surface metal 
atoms, since they lie in the range of the NO frequencies 1800-1844, observed in the 
nitrosyl! halides [6, 7], where NO is covalently bound. 

The intense bands 1698, 1663 and 1625 em~! observed for NO on chromic oxide are due 
to strongly adsorbed molecules, like the group 1700, 1665 and 1625 for Fe,O,-gel, being 
ascribed to a configuration O—N—O. 

Two intense bands 2028 and 2093 present in the spectrum of NO on Cr,Og, like the 
band 1927 in the case of ferric oxide gel, unmistakeably belong to the ionized NO* form and 
reveal the presence of electron accepting centres on the surface of these catalysts, as in 
the case of alumina supported Fe (Fig. 1). 

No band that could be ascribed to NO~ has been found, although NO exhibits a marked 
electron affinity and can form electron traps, like oxygen, at the surface of ZnO, as shown 
in this laboratory by infra-red spectroscopy [8]. 

The large number of bands observed for a simple diatomic molecule in the adsorbed 
state reflects a variety of centres on the surface, together with a diversity of types of 
interaction with them of the adsorbed molecules. The heterogeneity of the surface is in 
any case confined to quite definite kinds of surface bonds and configurations of the adsorbed 
molecules. These will be discussed at length in further work. 

A complete description of this research will appear later. 

A. TERENTIN and L. Rorv 
Institute of Physics, Leningrad University 


Phys. 10, 1570 (1952 
J. Bernstery, J. Chem. Phys. 18, 1669 (1950). 
20, 380 (1952). 
ja 5. 709 (1958). 


Analysis of aluminium and aluminium-base alloys using d.c. are 


Received 9 January 1959) 


Abstract—Aluminium and aluminium alloy samples of “difficult” sizes and structures such 
as can be expected in m« urgical research, are analysed directly using d.c. are excitation. 
An improved electrode type described below, eliminates the difficulties from the rapid oxidation 
of aluminium. 


Accuracy of method is +10 per cent (relative error) by three determinations. 
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Introduction 

THE point to plane spark technique has proved to be the most accurate and rapid method 
where no restrictions as to sample size and preparation arise. This method is, however 
of little value for samples of irregular size and form, as they often appear in metallurgical! 
research, even though the briquetting of selfelectrodes can extend the method considerably. 
The present technique involves the grinding of the test piece to powder, and should be 
applicable to any sample in the metallic state. The spectra are evaluated photometrically, 
and the accuracy of the method depends primarily on the available standards. Matrix 
effects are negligible, and chemical standards apply equally well as the spectrographic ones. 

The simplicity of the aluminium spectrum limits the choice of suitable internal standard 
lines. Al 3050-08 A is therefore used throughout. To check for differences in plate factor, 
etc., the Al 2378-41 A line is measured at the same time. These two lines are equal in 
intensity under the conditions used. 


Scope 

A certain difficulty in the analysis of aluminium and its alloys arises from oxidation 
of the sample. The sample changes from a metal of relatively low melting point (660°C) 
into a refractory oxide (Al,O,) with melting point 2050°C during exposure. In the point 
to plane technique, this difficulty is overcome by pre-sparking the surface for a certain 
time prior to exposure. 

In the case of d.c. are and ordinary graphite electrodes, the metal forms an oxide 
globule which runs off after a certain time and escape excitation. Attempts have been 
made to overcome this difficulty by transforming the metal into sulphate [1] and cementing 
the salt to a shallow graphite cup by a drop of phosphoric acid. Another procedure is to 
dissolve the sample and spark the solution directly in a porous cup or on a rotating wheel. 
In our experience, the first method leads to sputtering, whereas salt crusts are formed in 
the latter case. A further objection to chemical pre-treatment is that the ratio of the 
amount of elements, and particularly of the traces, may change. 


Experimental 


Improve d electrode 


Fig. l(a) shows the electrode. The side walls are thick enough to stand anodically 
arcing for 2} min at 12 A. The 1-5 mm boring is half filled with the 3-0 mg aluminium 
powder sample. An undercut raises the temperature at the sample site enough to give 
the desired rate of evaporation. This rate of evaporation is 1-2 mg aluminium per min 
and the carbon to aluminium ratio is 35. The diameter of undercut neck should be kept 
within +-0-05 mm. 

The electrode material is ;°5 in. AGKSP graphite rods from National Carbon Company, 
US. 

Fig. 1(b) shows a burned electrode, and I(c) an electrode ready for filling and provided 
with a lucite funnel. 


Sample preparation 

Aluminium powder, as cut with a hard metal burr, is passed through a 50-mesh sieve. 
Three portions each of 3-0 mg are weighed out on a 0-50 mg torsion balance and placed 
in the anode crater. The plastic funnel (Fig. 1(c)) ensures a quantitative transfer of sample. 


fl] E. K. Jaycox, Methods for Emission Spectrochemical Analysis, p. 135. American S« wiety for Testing 
Materials (1953). 
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Apparatus 


A Jaco Wadsworth 3-4 m spectrograph with a four inch 15,000 lines/in. grating, and 
having an inverse dispersion of 5-2 A/mm was used. The excitation source was the NSL 
“Spee-power” with an open-circuit potential of 220 V. The spectra were photometered 
in the ARL comparator-densitometer. A special wavelength scale was prepared for line 
identification. 


Ss 


WA 
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Fig. 1 (a) Electrodes; (b) burned electrode; (c) electrode with funnel. 


Fig. 2 (a) Set up on optical bench; (b) diaphragm 
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External optics 

Fig. 2(a) shows the arrangement of the optical bench. D is an intermediate diaphragm 
which is given in a detailed picture on Fig. 2(b). Only light from the central one-third of 
the are column passes through the diaphragm, which is placed in focus of the condenser 
lens L. The usual system of two cylindrical quartz lenses with crossed axis is used to 
ensure full advantage of the rectangular aperture of the spectrograph. The eq 100 lens 
with vertical axis forms an image of the “new” light source (on the diaphragm plane) 
upon the slit. This image is focused in the horizontal direction only, ensuring a uniform 
illumination along the slit. The cq 100 lens controls the illumination of the spectrograph 
mirror in a horizontal direction whereas a quartz cylindrical lens with horizontal axis 
directly in front of the slit controls the vertical illumination. 

G, and G, are two circular frames, movable on a vertical axis and covered with 120 mesh 
bronze gauze. When moved into position to cover a lens, only about 25 per cent of the 
incident light passes through one filter. In other words, the filter “cuts away” three steps 
in a spectrogram produced using a step sector with log ratio of 0-200 between consecutive 
openings. With both filters in position only about 6 per cent of the incident light pass 
through. This type of filter shows no dispersion in absorption, but the wires should make 
a 45° angle to the vertical, and the filter should never be placed in the focus of a lens. 

Source: d.c. are, 12 A anodically. 

Slit: 50 4 by 12 mm high. 

Exposure: about 2} min. Stop when a sizzling noise indicates that the sample is 

evaporated. Use one or two weakening filters (G, and (,). 

Plate: Eastman Spectrum Analysis no. 1. Use the 2300 to 3500 A wavelength region. 

Plate processing: development, 3 min in Kodak D19 at 19°C: stop bath, rinse plate 

in 2°,, acetic acid: fixing, 3 min in Kodak F5: washing. 5 min in flowing water: 
drying, ARL blower and heater. 

The ARL plate processor with agitator was used. 

Photometry 

The transmission through a number of steps for each analytical or internal standard 

line is measured and plotted against step number. Distances between appropriate curves 


Table 1. Characteristics of the lines used for analysis 


Wavelength Index point Concentration 


Element 
(A) , range (%) 


Iron 2599-40 -26 0-03 
Silicon 2506-90 2 0-03 
Nickel 3050-82 . 0-01 
Nickel 2992-60 . 0-2 
Manganese 2801-06 . 0-01 
Chromium 2835-63 25 0-05 
Titanium 3372-80 . 0-01 
Copper 3273-96 ‘0072 0-001 
Tin 3175-02 . 0-02 
Lead 2833-07 0-02 
Antimony 2877-92 0-05 
Calcium 3179-33 “5 0-03 
Zine 3345-02 2! 0-05 


= bo 


Internal standard line: Al 3050-08 A, 
Internal control line Al 2378-41 A 
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og intensity ratio) are plotted on a linear scale against log concentration. This is the 
usual utocalibration”” method. The “Selecta” no. 3734 A3, semi-logarithmic paper 
was used in both cases. A background correction was applied for the zine and titanium 


determinations using a special slide rule based on Gaussian logarithms [2]. 


The different analytical lines used, are listed in Table 1. The quoted concentration 


ranges refer to the use of two weakening filters (@, and G,) where only about 6 per cent 


of the incident light reached the spectrograp! 
rhe log intensity ratios are corrected for the amount of “third’’ element in the sample. 


racy 


The working curves are based on the following spectrographic or chemical standards 
JM AA, AB and AC series. BCS no. 1581/1 and 216, BAM 200, 206 and 305. The coefficient 
of variation varies from 2 to 10 per cent, and the relative error by three determinations 


is 10 pet cent The effect from the “‘third’’ element on the working curves has been 


found to be negligible in this method. 


teky ledgements—The writer wishes to acknowledge his indeptedness to the Director of the 


Chemistry Department JENER, Dr. T. J. BaArenpreer for his encouragement in this work 


and to the Director of JENER for permission to publish the paper. 
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Evaluation of calibration data with reference to the variable internal standard method 


( Rece we d 99 De cember 1958) 


Ix the variable internal standard method described by Scorr [1] for the determination of 
trace-element content in concentrates, log /,//, is plotted against log concentration 
hackground-corrected curve) for sets of standard mixtures. (/, intensity of trace 
element line, J, = intensity of internal standard line.) The mixtures contain increments 
of analysis elements (10-3162 p.p.m.) in matrices similar to the samples to be analysed, 


but with increments of the internal standard, which is generally iron, from one set to the 


next. Duplicate spectrograms are taken and typical series of working curves obtained as 
parallel straight lines of slope 45 (5° from 10 to 1000 p.p.m. when the appropriate 
scales, namely one log J7//, unit = one log concentration unit, are chosen. Above 


1000 p.p.m. concentration the slopes of the curves fall off gradually due to absorption in 
the light source, but the vertical displacements between the curves are fairly constant 
over the 1000-3162 p.p.m. range. The mean value for the vertical displacement of a 


working curve due to change in internal standard content is obtained [2] by measuring 
the displacement at close intervals (say at 1 em horizontal distances if the log concentration 
scale from 10 to 3162 p.p.m. covers 25 em). The values obtained are plotted against the 


1} R. O. Seorr, J. Soc. Chem. Ind. Lond. 65, 291 (1946). 
2) R. L. Mevrenecy., The Spectrographic Analysis of Soils, Plants and Related Materials. Commonwealth 
Agricultural Bureau Tech. Comm. No. 44 (1948). 
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percentage Fe,O, content to provide a correction curve. It is convenient if the measure- 
ments be made from the working curve based on an iron content nearest the general run 
of samples to be analysed (in this case 5°, Ft 2O0,). The correction for 5°, Fi ,O, is then 
zero, While that for lower contents is negative and that for higher contents positive From 
the correction graph, a value for the correction of any Fe,0O, content can be read between 
the limits for which working curves were obtained; when this curve is constructed. only 
the standard working curve (i.e. 5°,, Fe,O,) is retained. A quicker but equally efficient 
method of calibration is suggested in the following procedure. 

Let the sets of standards of varying internal standard content be A, B,C, D. E and F. 
From each set are selected standard dilutions cor responding to concentrations of 10, 31-6, 
100 and LOOO p.p.m., of trace element. Single spectra are rv corded for each standard of 
each set, giving in all twenty-four spectrograms, and the photometric evaluation is carried 
out in the usual manner to yield log J,//., values. The correction and working curves are 
then obtained as follows. 

Correction curve. The mean value of log I ,,/I., is calculated for each set, e.g. (log I 7/1) 4 
(log l, Is) p etc. If the data for the C set is to be used for the working curve, then the 
co-ordinates fy 4 ef da, correction) for the correction graph are given by 


A, — |(log 17/15) 4 — (log Ip/Tg), 
B, — [(log 17/15), — (log 
dD, —[(log I, I s)p — (log fe), 


and so on, assuming that °, Fe,O0.(A) Fe,O,( B) Fe,0,(C) Fe,O,(D), ete. 

Working curve. With the data available from set C, a regression line of log I 7/1 
against log concentration is used as the calibration curve. It can be shown that a regression 
line Y/X (based on N points) passes through the point (X, Y) and has a slope given by 


In this application, X represents the log concentration and Y is log J,/I,. X, the mean 
log concentration, is therefore 1-875 and Y (log I4/15)¢- 

The advantages of the above method are (a) the entire procedure is less time-consum- 
ing: only twenty-four as opposed to seventy-two spectrograms are required, with subse- 
quent lessening in the time associated with operational technique, photometric evaluation 
and curve drawing, ete; (b) only six simple calculations are required from the data to 
construct the correction graph; (c) it is possible from all the data available to determine 
limits of error for any concentration derived throughout the range of trace-element concen- 
tration and over the range of interna] standard content employed, e.g. the error involved 
in determining a concentration from an observed reading of log J,/1., is given by +-s,t for 
a certain probability level P (usually 0-95) and for N — 2 degrees of freedom, where N is 
the number of points on which the regression line equation is based. An expression for 
8,” (variance of a value of X determined in this way) [3] is given by 


(log I, | log I p/15)*) 
N' — X)?] 


= 

| 


where m slope of regression line 
&y* = variance of log J,/1., about the regression line 
X log concentration. 
It should be emphasized that the above treatment applies strictly to the range from 
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10 to LOOO p.p.m for background-corrected curves. To extend the working curve selected 
(C) to cover the 1000-3162 p.p.m. range, it would only be necessary to take in addition 
duplicate spectrograms for the standard dilution (C, 3162 p.p.m.), this being necessitated 
by the gradual falling off of the curve; the procedure for the correction would not require 
any alteration as the vertical displacements are fairly constant over this range. 

With regard to non-background-corrected curves, single spectra from standard dilutions 
corresponding to concentrations of 100, 316 and 1000 p.p.m. of trace element for each set 
should be taken and the mean values e.g. (log l, I.) 1: etc. derived as before to obtain the 
co-ordinates of the correction graph. Here additional duplicate spectrograms for the 
C, 10, 31-6 and 3162 p.p.m. dilutions would be required to locate (a) the toe of the curve 
below 100 p.p.m., and (b) the fall-off over the 1500-3162 p.p.m. range. 


Theoretical considerations 
Derivation of regression line. In the above case the relation between log J I, and log 
concentration is theoretically a straight line {1}. There should be negligible experimental 
error in concentration, but in practice a certain scatter will be obtained due to experimental 
error in log J,/I,. For convenience in notation, let X = log concentration and Y 
log 


and let the equation of the regression line be 


a 

The problem involves determining values of m and a which minimize the sum of the squares 
of the vertical deviations. If the experimental points are (X,, Y,)...(Xy, Yy) then if y, 
be the value of Y calculated from the equation of the regression line when x = X,, the 
vertical deviation A, of the point (X,, Y,) from the line is given by 

and (A,)* mX, a)* y,* m*X,* 2mX, 2a 2amX, 
Summing the squares of the vertical deviations of all the other points, we obtain 2, 
ie. and 


m*X(X*) 2mdX(X Y) 2aX(Y) + 2Zam=(X) + Na* 
where V is the number of points. For a given set of points all the sums in the above 


equation are constant, and the value of z depends on the values of m and a. The conditions 
for z to be a minimum are given by 


=} 


Oa 


0. and (=) 


2S(Y) + 2md(X) + 2Na 0 


now dz 
YY) 
N 


whence 


The regression line therefore passes through the point (X 


Oz 
Further | 2m>d( X?) Y) + 2ad(X) = 0 


om! 


whence = md(X*) + aX(X) 


Since a — mA, 


“(XxX Y) mX)X(X) 
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Xeplacing X(X) by NX 


we have m 


Y(XY) — 
— (X(X) 
The regression line is then given by y y m(ax X), a being eliminated by the result 
that when y 
Variance about regression. It can be shown that the variance of a set of points about 
their regression line is given by 
— N¥? — — 


Error of estimation of X from regression line 3|. The equation of the regression line is 
mx —X) 
where X is the estimated value for a given value of Y. 
y 
i.e. X 


oX 1 ox Ox (Y — y) 
and 


oY m’ OY m om m= 


(only X is not subject to random variation) 


Now 


Since the variance of a function of variates is given by 


, (OX), (ax). . 


we obtain on substitution 


Since sp* = sy*/N, and s,,2 = sy?/S(X — X)? the above expression for s,? is given by 


A. B. CALDER 


Haydon House, Fairfield Road 


Stockton-on-Tees. Co. Durham 


[3] L. Saunpers and R. FLeminc, Mathematics and Stati stics for use in Pharmacy, Biology and Che mistry 
p. 232. Pharmaceutical Press (1957). 


An apparatus for porous cup spark analysis 


(Received 21 February 1959) 


Abstract—A two-position electrode stand, automatic exposure timer and _ plate-racking 
mechanism for simplifying the operation of the porous cup spark solution technique used in 
spectrochemical analysis is described in detail. 


Introduction 
For the spectrographic analysis of solutions by the porous cup method, the conventional 
spark stand of the de Gramont type has two major disadvantages. Considerable time is 
required to replace a pair of electrodes and to position the new pair with the correct 
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separation on the optical axis of the spectrograph. Further, spray and fumes from the 


acid solution sparked cause corrosion of the spark stand and nearby equipment with 


consequent contamination of the samples. This latter was of particular importance in 


this laboratory where one of the uses of the porous cup method was the determination of 
Cu, Zn, Mn, Fe, Al and B in plant ash solutions. Here the absolute amount of, for example, 
Cu present in the sample could be as low as 0-02 yg, so that the prevention of contamination 


was a major problem 
\ spark stand has therefore been made using materials which eliminate as far as 


possible the dangers of corrosion and contamination. Further, owing to its double ended 


construction, it enables a pair of electrodes to be inserted, correctly positioned and the 


upper electrode filled with solution while the previous pair is being sparked. Therefore, 


no time is lost between exposures, and the total time required to complete a set of samples 
] 


is reduced to a minimum and depends only on the exposure time. 
\lso described is an automatic exposure control and a plate racking device which, 


when used with this spark stand, further simplify the procedure. 


Description of two-position electrode stand 


A photograph of the spark stand in position in front of a Hilger medium quartz spectro- 
graph together with the exposure timer and controls is shown in Fig. 1. The protective 
perspex shield, with } in. aperture on the optical axis at slit he ight, is effective in preventing 
damage to adjacent equipment from acid fumes. As an overhead exhaust system was in 


use in the laboratory, a trap was provided on top of the shield to reduce fume corrosion 


in tl system and to catch anv condensate 
Constructional details of the spark stand are shown in Fig. 2. 
holders is fixed at each end of a Perspex fabricated pivot arm, A, 8 in. in length, which 


can be turned by hand about a central } in. pillar, B and is supported by a substantial 


A pair of clectrode 


needle roller bearing, C. The pillar is embedded in a perspex base block, made by cementing 
three ? in. slabs together, and this base block is attached to a modified Barfit stand. The 
electrode holders are fixed at equal distances from the centre of the pivot arm, so that 


when the arm is reciprocally swung through 180°, each pair of electrodes is alternately 
positioned for sparking 
Electrode holder contacts are in the form of stainless steel strips extending below the 


arm and connect to the spark source when in contact with stainless steel spring clips in 


the perspex base block 
The lower electrode steel strips, D. are so positioned to connect alternately with the 


two front spring clips, £, which are coupled. (These clips are mounted on the base block 


in such a way as to act as stops to arrest rotation at the correct position.) The top electrode 
strips, F, are set at an equal distance from the centre of the arm and in turn connect with 
the remaining spring clip, G. Thus the spark source, when coupled to the spring clip 
terminals, is connected to each pair of electrode holders only when it is in position for 


sparking. 

The upper electrode holders are made from } in. square sintered tantalum bar with a 
} in. hole drilled in each for the } in. graphite electrodes. The lower electrode holders are 
similar, but in the interest of economy, are made of plastic coated aluminium with graphite 
bushes for the electrodes. Such holders were not satisfactory for the upper positions 


where they became very wet with acid and soon corroded sufficiently to cause contamination. 


Tufnol grub screws (#; in.) are used to secure the electrodes. 
Mounted on the base block, a perspex spacer 2 mm in thickness reproducibly determines 
the width of the spark gap and its correct height when each pair of electrodes is placed in 
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Fig. 2. Details of construction of spark stand 


the holders. For the initial setting up, a small horizontal adjustment is provided for by 
means of slotted holes in the Barfit stand through which the base block is bolted, and 
the modified Barfit stand has the usual adjustment for height. 


Automatic exposure timer and plate-racking mechanism 


With the improved two-position electrode stand, it was desired to simplify still further 


the sparking technique by introducing an automatic system for controlling exposure 


periods and plate racking. It was found that sparking periods could be controlled 
conveniently and reproducibly by a Londex Process Timer (type SRJ 0-5 min). Since 
the analytical methods in use do not require a pre-spark period before an exposure, and 
as the time lapse between exposures Was reduced to a few seconds by the use of the double- 
ended spark stand, it was unnecessary to make provision for operating a shutter. 

For plate racking, a small 24 V d.c. reversible motor having an efficient brake is 
used to gear-drive a wheel fitted to the existing plate racking handle. The distance of 
plate travel is controlled by a microswitch (S5) which is mounted on a bracket attached 
to the camera base of the spectrograph. The pin of the microswitch is depressed against 
the inside edge of the gear wheel on which two diametrically opposite holes are located to 
release the pin and so actuate the switch to arrest travel at intervals of 1-5 mm. 

In addition to the process timer controls, the control box panel also has manual 
switches for racking the plate in either direction if required. The sequence of operation 
of the electrical circuit in Fig. 3, is as follows: 

With switch Sl in the ‘“‘on” position, the motor of the Londex runs continuously. 
Depression of the start button on the Londex timer connects the pre-set timing mechanism 
to the motor mechanically and at the same time operates contact S2 to complete the 
electrical circuit to relay A. The operation of relay A closes both al, thus starting the 
spark, and a2a, thus charging the condenser (. 

At the end of the exposure period S2 opens, deenergizing relay A so that al opens 
and the spark stops. At the same time a2a opens and a2) closes so that relay B is energized 
by the condenser, thus closing 61 and starting the plate racking motor. As soon as the 
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pin of the microswitch S5 is depressed by movement of the gear wheel, relay B is latched 
and the motor continues to run. When the next hole in the gear wheel is reached. Sd 


closes, pulling in the latch BL and thus releasing relay B and opening 1 to stop the 
plate motor 


exposure and plate racking controls: Londex 
240 V.a.c.; B. relay 24 V. d.c. res 2402 latch type; BL, 
g motor; C, condenser 1000 nF; Al, a2a, a2b, relay A 


on’ 240 V, a.c. switch: 2, Londex timer start 


otor, forward and reverse, respectively ; S5, 
Plate motor microswitch (N¢ 


In practice a small amount of over-run of the plate racking motor is inevitable but is 
not erratic enough to cause overlapping of spectra. It can be seen that with the system 
used, should the over-run be sufficient to again open S5 the plate motor will not start again. 


Operation 
In use of this equipment the operator places the first pair of electrodes in position, 
fills the top electrode with solution, swings the arm 180° to position the electrodes on the 
optical axis and with the timer set to the correct exposure, depresses the start button. 
While the sparking is in progress the operator inserts the next pair of electrodes, and a 
few seconds before the end of the sparking period, fills the top electrode. As soon as the 


spark ceases, the plate racks down and the operator swings the arm to the alternate position 
and again presses the start button. 


This apparatus has been in satisfactory use in the laboratory for a number of years. 
By eliminating a major source of contamination, by approximately halving the time 


required to spark a series of solutions and by eliminating operating mistakes in timing 
exposures and plate racking, it has proved its worth. Although originally constructed 
for use with the porous cup technique, it has since been found to be equally applicable 
to other spark methods. 

icknowledgement—The constant assistance and encouragement of Mr. J. E. ALLAN in this 
work is gratefully acknowledged. 
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Spectrochimica Acta to 3 *ergamon Press Ltd. Printed in Northern Ireland 


REPORT OF MEETING 


10th Annual Pittsburgh Conference on Analytical Chemistry 
and Applied Spectroscopy 


THe conference was held from March 2 to March 6. Approximately 3200 conferees 


were in attendance. Of the 160 papers presented, 93 of them covered subjects of 


spectroscopic interest. The Spectroscopy Society of Pittsburgh 1959 award was 
presented to Mr. Bourpon F. Scrrpner in recognition of his contributions to 
analytical emission spectroscopy. 

Abstracts of papers presented at the spectroscopic sessions were as follows: 


Analytical Emission Spectroscopy 


Some micro-spectrographic methods: KE. F. Runce and F. F. Bryan, Scientific Laboratory, 
Ford Motor Company, Dearborn, Mich. 


Two methods successfully used for qualitative and semi-quantitative analysis of micro- 
constituents in metallurgical specimens are described, Spectrographic analy ses restricted to 
regions as small as 50 microns in diameter are possible using a quartz capillary and wire counter 
electrode in conjunction with a specially constructed intermittant d.c. micro-spark source. A 
second and more practical procedure allows the identification of micro-constituents 25 microns 
in diameter by means of a micro-drilling technique wherein the drillings from the specimen are 
burned on a graphite electrode in a standard d.c. arc. Examples illustrating the use of the two 


methods are described. 


Spectrographic analysis of cast iron employing a new sweep method: Orren G. Clark, Cleveland 
Diesel Engine Division, General Motors Corporation, 2160 West 106th Street, Cleveland, 
Ohio. 


A new method of spectrographic analysis of cast iron is presented employing a new “‘sweep”’ 
technique. 

The polished end of the specimen which is roughly 1} inch in diameter is swept in a ten 
second period over a stationary horizontal electrode } inch in diameter by 1} inch long. This 
sweep immediately follows a stationary presparking of 35 seconds. 

By this means the exposure time is equal to that of eight conventional single shot exposures. 
Also, the effects of sample segregation are eliminated. 

A description of the mechanism and electrode holder is given; also, spectrographic and 
source unit conditions showing analytical curves for the various elements analysed. 


Kaiser function related to the Poisson distribution for the characteristic curve of thick emulsions: 

Arno Arrak, Belmont Smelting & Refinings Works, Inc., Brooklyn, N.Y. 

Making use of a general theorem published in issue number 6 for 1958 of Applied Spectro- 
scopy, a mathematical theory is developed which shows that the Kaiser function is definitely 
related to the Poisson distribution for the characteristic curve of thick emulsions. The derivation 
given confirms the conclusion, first suggested by CaNpLER (Spectrochim. Acta 8, 262 (1956)), 
that if the Kaiser function is written in the form 

K 6D log (1 T) 
then the constant ¢ is in the first approximation equal to the ratio of the number of quanta 
required to make a grain developable and the gamma of the emulsion. Gamma itself is shown 
to be equal to the ratio of the absorption cross sections of a developed silver grain and the silver 
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inding small volume of gelatine) from which it was formed, and the 


slop ifthe A a / curve is shown to be equal to the minimum number of quanta required to 


the parameters of these functions is « apable of predicting the observed 


ay f the netion as well as of the H and D curve. The variation of gamma with 
avelength 1s thus attributed to the variation of the absorption cross sections of silver halide 
grail i the absorptivity of gelatins with wavelength while the increase of gamma with 
development time is due to the increase in size of the developed silver grains with time. The 
fact that the slop {the A, log E curve remains remarkably constant over wide wav: length 
! g gamma varies as observed by CANDLER is in agreement with the interpretation of 
sloy is the minimum number of quanta required make a grain developable. The fact 
that this sloy $s sometimes not exactly an integer is probably due to the occurrence of a mixture 
of grains of different sensitivities on other disturbing factors. 


Recent developments in the emission spectrometric determination of the gaseous elements in 
metals: A. Fasser, A. Gorpox, Raymonp J. Jaspyskr. F. Evens, 
Lawrence L. Autrrerer and Jimmy G. Karout, Institute for Atomic Research and 


Depart ment of Chemistry, lowa State College, Ames, Iowa. 


The latest cd velopments on the determination of gases in metals by spectroscopic techniques 
will be described. Among the topics to be discussed will be: (a) determination of hydrogen in 
aniurr D) Simultaneous determination of oxygen and nitrogen in low and high alloy steels; 


c) deter ation of oxygen in vanadium, niobium, and yttrium metals; and (d) studies on the 


quantitative extraction of gases in metals with high current are discharges. 


The plasma jet spectroscopic source and its application: M. Mancosnes and B. F. Scrrmyer. 
National Bureau of Standards, Washington, D.C. 

lasma jet spectroscopic source described previ uusly* has continued. Details of 

the construction of the source, its peration, and its performance are described bri fly, together 

with the nature of the spectra produced. Measurements have been made of the effect of varying 

the operating parameters on the ten perature of the discharge, on the emission intensities, and on 


the sensitivity and precision of the analyses. 


Applic ation of the source to se veral analytical problems is considered. 


Computers and programmers for quantometers: J. W. Kemr, J. L. Jones and K. W. Pascwen. 


Ap 1 Research Laboratories, Inc., Glendale, Calif. 
lwo readout devices have been used with Applied Research Laboratories’ Quantometers. 
The more recent of these devices has been thi strip chart recorder. Using singk paper feed 


wechanisms and previously prepared printed charts, it is possible, with a strip chart recorder, 


to provide a record that gives concentrations directly upon the completion of a direct reading 


spectrochemical analysis. This procedure lacks flexibility, and the preliminary preparations may, 


Three new approaches to the readout problem with Quantometers have been investigated. 


rhe first of these is applicable to existing Quantometers and consists of the addition of a shaft 


digitizer and auxilary computing equipment to the existing strip chart recorder. Computation 


1s possible by the use of an auxiliary potentiometer driven by the strip chart re« order, in addition 


to adders and multipliers provided in conjunction with the digitizing and printing equipment. 


This simple approach is possible since it has been found that the usual spectrochemical working 


curve, over a practical range, can be adequately approximated by a quadratic equation. With 


this arrangement, some simple means of programming the curvature constants and addition 


and multiplication operations must be provided. This is done with a simple card reading device. 


Che second approach to the problem was undertaken as a joint operation with the Alcoa 


Research Laboratories of the Aluminum ¢ ompany of America. This approach makes use of a 


digital voltmeter, computing circuits, and complete programing from punched cards. This 


* M. Marcosues and B. F. Scripner, Spectrochimica Acta, in press 
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instrument is being described at the 1959 Pittsburgh Conference by J. R. CHurcuitty and F. R. 
Porrer of the Aluminum Company of America. (See next abstract). 

Che third approach recognizes a re dundancy of amplifiers in the system using both the ARL 
electrometer am plific r and either a strip chart recorder amplific r or a digital voltmeter amplifie r. 
The result is a digital electrometer that has the extremely high input impedance of the original 
ARL electrometer and can still provide digital output information. Again, by the use of a 
quadratic equation, the results can be presented as concentrations, 

Standard Quantometers will provide precision of the order of 0-1 to 0-2°, of the measured 
signal when used as light measuring devices. Addition of any of the three systems mentioned 
above for a digitization of the output has been accomplished without affecting this desirable 
characteristic. Using the shaft digitizing approach, the readout time per element is five seconds. 
With the Aleoa-ARL Computer, readout time is two to three seconds. And, with the digitized 
electrometer unit, the readout time is approximately two seconds per element. This compares 
with the normal readout times of a standard nondigitized Quantometer of two to two and one- 
half seconds per element. 


Automatic quantometric analysis from sample to printed report: F. Kt. Porrer and J. R. 
CHURCHILL, Alcoa Research Laboratories, Aluminum Company of America, New Kensington, 
Pa. 

\ system of spectrochemical analysis is described in which the entire process of analysis and 
reporting is carried out automatically on the insertion of the sample electrode and a command 
card, The apparatus consists of a Production Control Quantometer, an analogue computer, a 
digital printout system and a programer. As directed by the command card, the programer 
selects excitation conditions, wavelengths, element sequence, mathematical equations and 
other procedural details. Computations are based on the equations of the type J MK, 
A,C K,C?, in which J integrated intensity relative to internal standard, C concentration, 


and Ko, K, and AK, are constants for a given alloy type. .M is a correction for third element effects 


computed as a function of intensity measurement on elements influencing the determination. 
The empirical relationships used have been found highly satisfactory over wider concentration 
ranges than are usually encountered in alloy analysis. 

rhe only limitations of the system with respect to variety of materials handled and elements 
determined are those inherent in quantometric analysis and in the specific wavelengths and 
channels provided on the Quantometer used. Precision is equal or superior to that of previous 
quantometric methods, and accuracy somewhat superior because ofthe built-in matrix correction. 
Speeds of analysis, elimination of human errors, and efficiency of transmitting information to 


the end user are the principal advantages of the system. 


A new-simplified monochromator for emission and absorption spectroscopy in the vacuum 
ultraviolet: Kicuarp K. Breum, Georce Brenzre and Harortp B. Beat, Jarrell-Ash 
Company, 26 Farwell Street, Newtonville 60, Mass. 

Design and performance characteristics of the Jarrell-Ash Seya-Namioka Vacuum Mono- 
chromator are discussed. The 0-5 meter instrument primarily is intended for the range from 
500 A to 3000 A but can, with proper gratings be used through visible into the near infrared. 
This is a nearly “‘universal’’ monochromator for nearly all spectrophotometric and spectrometric 
problems. Resolution capabilities are excellent for the wide wavelength range covered, approxi- 
mately 0-5 A from 500 to 3000 A and 1A to 10,000 A. Detector, source and photographic 


attachments are described as well. 


The tape machine and some of its applications: ALLEN DANIELSSON, GUSTAV SUNDKVIST and 

Frep LunpGREN, Bolidens Gruvaktiebolag, Skelleftehamn, Sweden. 

The tape technique is a new way of bringing a powdered sample into the spark gap. The 
powder to be analysed is fed continuously on to an adhesive tape, which is passed between two 
graphite electrodes. The sparks pass through the tape and vaporize and excite the sample. 
The tape moves at such a speed that each spark always hits new material. A description of the 
latest design of the tape machine will be given. 
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Suitable pretreatments of the samples will be discussed in connection with the presentation 
of some applications. The object of the pretreatment is to make the samples uniform. In order 
to get a conception covering these types of operations the word isoform is introduced. The task 
of the isoformation is to reduce or eliminate the influence of particle size, chemical and mineral 
composition. An important unique type of isoformation using ion exchange resins will be 
presented, 


(The paper was presented by M. F. Hasler, Applied Research Laboratories. ) 


A study of the relationship of various physical properties of graphite and carbon spectrographic 
electrodes to their performance in the d.c. arc: W. FE. AvLsorr and Garern L. Suaw, United 
Carbon Products Company, Bay City, Mich. 


Certain physical properties of various types of spectrographic graphite and amorphous 
carbon electrodes have been enumerated. Standard electrodes of these grades or types of 
materials were fabricated into specific electrode types and burned under controlled conditions 
in a d.c. are. A sample of National Bureau of Standards Number 57 (refined silicon) was used 
as the matrix to study the effects produced by varying the electrode material and/or the electrode 
type. Data is shown that correlates the enhancement of the spectra with the physical properties 
ot the electrode material. 


Effect of graphite counter electrodes on spark spectroscopy precision: \V. A. (i:arer and J. 
WerNARD, National Carbon Company, Fostoria, Ohio. 


A complet« ly new graphite electrode, especially designed for spark spectroscopy, has been 
developed. Comparative analytical results using the best commercially available electrodes 
and the new spark electrode show a definite improvement in the precision and the reproducibility 
in spark technique with the new electrode. Data are presented for four typical elements in the 
analysis of steel and aluminum and show a significant reduction in the coefficient of variation by 
using the new graphite electrode. 


The determination of carbon, phosphorus, sulphur, silicon and manganese in alloy steel by vacuum 
spectroscopy: Herrsertr Bb. Taytor and Grorce W. Morrow, Universal-Cyclops Steel 
Corporation, Bridgeville, Pa. 


The use of a direct-reading vacuum spectrograph ( Applied Research Laboratories, 
“Quantovac ’) for the determination of carbon, phosphorus, sulphur, silicon and manganese in 
alloy steels for control of electric-furnace melting operations is discussed. 

The operating conditions and applications of this unit to high chromium steels, nickel 
chromium stainless steels, tool steels and high-speed steels are reviewed. 


Results of numerous production analytical determinations are presented, 


Spectrochemical analysis of metalloids in the far ultraviolet (800-1300 A) with a vacuum spark: 
Borts Vopar, Jacques RomManp and GERMAINE BaLLorretr, Laboratoire des Hautes 
Pressions C.N.R.S., 1, Place Aristide Briand, Bellevue, (Seine et Oise), France. 


The authors present a short summary of the work performed at their Laboratory on the 
application of the spectra emitted by highly ionized atoms to the spectrochemical analyses of 
elements having high ionization potentials. The techniques which are described are applicable 
to the study of metalloids, the analyses of which are difficult by the usual methods. 

Three types of vacuum-spark sources for the far ultraviolet region are described and the 
design of the spectrometer is discussed. A special electrode assembly is described which allows 
the study of non-conducting powders. 

To illustrate the new techniques, the analyses of sulphur and phosphorus in steel, and 
preliminary results on the detection of gases in metals, are presented. 
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The direct-reading spectrometer applied to the analysis of ore solutions for nickel and cobalt: 
R. R. Tateme and M. E. Stace, Jarrell-Ash Company, 26 Farwell Street, Newtonville 
60, Mass. 


A direct-reading method has been developed using the rotating dise electrode for the analysis 
of ore solutions for nickel, cobalt, iron, aluminum and magnesium. An internal standard of 
molybdenum and a buffer has been added to these solutions. A precision of about 1-0°%, has 
been attained by the method on nickel, cobalt, iron, aluminum and magnesium in the con- 
centration range of 1-5, 0-15, 45-0, 5-0 and 1-0°% respectively. A comparison will be made of this 
method and conventional analytical methods. 


Spectrochemical analysis of solutions: WitLiam K. Barr and Epwin 8. Hopce, Mellon Institute, 

Pittsburgh 13, Pa. 

Five different solution techniques and three excitation conditions have been studied to 
determine their relative sensitivity and reproducibility. The procedures included the rotating 
platform and graphite electrode flat top as residue methods, and the rotating disk, porous cup 
and plastic cup for direct solution analysis. Sources studied were a high voltage spark, and 
oscillating and overdamped condenser discharges in a Multisource circuit. A number of observa- 


tions are reported regarding general conditions to give the best sensitivity and reproducibility. 


The effects of hydrochloric, nitric, sulfuric and phosphoric acid on the spectra were also 
studied. The repression effects which were noted for some acids varied with the technique, acid 
concentration and excitation potential of the line. Some explanation of these observations is 
postulated. 


Pressed powder standards for analysis of aluminum alloys: H. L. Keprirecp and R. H. Mone, 

Kaiser Aluminum & Chemical Corporation, Mead Works, Hillyard Station, Spokane 

28, Wash. 

A major limitation to the analysis of higher aluminum alloys has been the difficulty in 
obtaining suitable spectrochemical standards. Many such standards are simply not available, 
while others leave much to be desired in precision. A different technique for producing standards 
by means of pressed powders is described. Such a procedure has inherent advantages and 
produces very uniform standards. 

The procedure for making standards for a number of different alloys is described. Standard 
deviation is shown. 

In the application of pressed powder standards for setting up working curves, the question of 
bias arises. Actually bias is usually small and is controlled by keeping the oxide content of the 
powder low and producing samples metallurgically similar to the standards. After a working 
curve is determined a statistically large number of samples is shot and compared to chemical 
analyses. The standard deviation of the method is then ascertained. Statistical methods 
can be used to determine whether a bias exists, and if there is an apparent bias the curve 
can be shifted to compensate. 


Direct-reading spectrometric determination of fluorine in alumina using band spectra: P. E. 
Lemieux and R. H. Brack, Aluminium Laboratories Limited, Arvida, Quebec, Canada. 


Direct-reading spectrochemical instrumentation has been applied to the determination of 
fluorine in calcined alumina. 

Like the other halogens, fluorine is a very difficult element to excite with a conventional are 
or spark in air. However, when fluorine is in the presence of calcum or strontium in a d.c. are, 
it combines to give rise to the molecular emitters CaF or SrF which, having excitation potentials 
of only a few volts, are easily excited to produce band spectra. A survey of the literature 
indicated that efforts had been concentrated mainly on the use of CaF bands with heads at 
either 5291 or 6036 A. Serapuim, working at MIT, found that the sensitivity of the latter line 
was greatly improved by use of a helium atmosphere to suppress CaO bands. AHRENS, in his 
book Spectrochemical Analysis, mentions the possibility of using SrF 5772 A, but gives no 
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specific results. As far as is known, previous work has been done entirely with photographic 


recording. 

In the work described in this paper, a direct-reading spectrometer (ARL Quantometer) was 
employed to record the band spectra. Because a band spectrum consists of a series of maxima 
and minima, it was necessary to find a suitable position in each band by integrating a high and a 
low standard for a number of positions of the appropriate receiving slit. 

Volatilization curves were recorded, as a guide to choice of optimum arcing times both in 
air and in helium (one such curve will be illustrated). The behaviour of CaF 6036 in helium was 
investigated, the chamber used being slightly modified from that of Owens (a diagram of the 
chamber, and a table of results, will be shown). 

When suitable arcing times and gas flow rates had been ascertained, a number of mixtures 
were compared for SrF 5772 in air, CaF in air and CaF 6036 in air and in helium. A large ratio 
of carbonate to graphite gave good line-to-background ratio but poor precision, whereas an 
increased amount of graphite improved precision at the expense of line-to-background ratio. 
Also the samples burned more smoothly with SrCO, than with CaCO,. 

An overall study of background and precision showed that best results are obtained with a 
1: 1: 1 mixture of sample, SrCO, and graphit packed into a 0-25 in. graphite crater electrode, 
excited by a 6 amp d.c. are for 20-25 seconds. Two tables illustrate the quality of the results; 
Table 1 presents individual results and Table 2 a statistical summary. 

Results of comparable quality were later obtained with a Hilger Medium Quartz Direct- 


feading Spectrometer. 


Spectrochemical analysis of vacuum-melted super alloys: Leste E. Harrer, Kolcast Industries, 

Minerva, Ohio. 

The allovs A 286, M 308, M 252, Rene 41, Udimet 500, GMR 235D and Waspalloy are iron 
and nickel base alloys characterized by the presence of considerable amounts of titanium and 
aluminum. It is the presence of these low molecular weight elements that caus varying 
amounts of trouble in the analvsis of the allovs by emission spectroscopy. Through the use of 
different source parameters, i.e. shape of counter electrode, length of prespark and the intro- 
duction of oxygen into the analytical gap, this alloy group can be successfully analyzed for their 
component elements using a Direct-Reading Spectrometer. Accuracy obtained is on the order 
of 1°, of the amount present. Phosphorus is determined down to 0-005°, using the 2149 P line 


without the need of special techniques. 


The spectrochemical analysis of niobium using a d.c. arc source: 1.8. Brooks, L. R. Horan 
and T. D, McKrintey, Pigments Department, E. 1. du Pont de Nemours & Co., Ine., 
Wilmington, Del. 


Analytical methods have been developed employing a 15 amp. d.c. are for the determination, 
at low concentrations, of twenty-three elements in dry powder niobium oxide. Elemental 
niobium or niobium compounds are converted to the oxide prior to analysis. A buffer of lan 
thanum carbonate is used for all elements with the exception of boron which is determined 
with a separate ten-second exposure. A one-minute exposure and a lanthanum internal standard 
spectral line are used for Cr, Co, Fe, Li, Mg, Mn, Ni, Si, Sn and Zn. A two and one-half minute 
exposure and a niobium internal standard spectral line are used for Al, Be, Cd, Cu, Mo, Pb, Ta, 
Ti, V, W, Yb, and Zr. The spectra from the two exposures can be recorded trom a single arcing 
by use of a special diaphragm. The precision and detection limit has been determined for each of 
the spectral lines used. 


The spectrochemical analysis of the rare earth elements, scandium and thorium using the 
Stallwood-arc: Orva Joensuv, Heavy Minerals Company, 4000 North Hawthorne Street, 
Chattanooga 8, Tenn. 

The Stallwood Arc has shown to be very helpful in analysing the R.E., Se, Y and Th and 
their mixtures. The sample is mixed with graphite and with the internal standard for the 
analysis of mixtures and burned with d.c. are in CO,-blower. This lowers the fractional distilla- 
tion, eliminates most of CN-bands, improves the line to background ratio for most R.E. As 
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examples, the analysis of Se in concentration of 0-02°, 


,-90% in mixtures of Th, Fe, U, Ti and 
the trace analysis of high pure Se are described in more detail. 


Spectrographic determination of certain rare earths after concentration and separation from 
uranium by ion exchange: Jor. A. Carrer, Technical Division, Oak Ridge Gaseous Dif- 
fusion Plant, Union Carbide Nuclear Company, Oak Ridge, Tenn., and Joun A. Dean, 
Chemistry Department, University of Tennessee, Knoxville, Tenn. 

An ion exchange separation followed by a spectrochemical determination has been developed 
for certain rare earth elements present in uranium compounds. This method permits the deter- 
mination of gadolinium, samarium, europium, dysprosium, erbium, ytterbium and neodymium 
at concentrations as low as 0-01 to 1 ppm. Hydrofluoric acid solutions of uranium containing 
the rare earth elements, with yttrium as an internal standard, were passed through a cation 
exchanger. The negatively charged uranium fluoride complex passed through the column while 
the rare earths were retained. After the residual uranium was completely removed by eluting 
with hydrofluoric acid, the resin bed was ignited and the resulting ash analyzed spectrographic- 
ally for the individual rare earth elements. Other cations which separate with the rare earths 
were easily separated, when necessary, by standard group separations. The analytical precision 
for the method was about 10°, at the 95°, confidence interval. 


The determination of impurities in hafnium by emission spectrographic analysis: J. F. Frain, 
J. R. Ryan and R. M. Jacoss, Bettis Plant, Westinghouse Electric Corp., Pittsburgh, Pa. 


The determination of aluminum, chromium, copper, iron, titanium and zirconium in 
hafnium oxide is accomplished by the addition of a buffer mixture containing indium, yttrium, 
molybdenum and cobalt. This mixture permits the equating of directly ignited metal samples 
with synthetic oxide standards. 

Spectral lines of yttrium, cobalt, molybdenum and hafnium are used for internal standard 
ization. Zirconium is analyzed in a range from 0-5 per cent to 5 per cent while the other elements 
are analyzed in the ppm range. The use of internal standardization for each element permits 
coefficients of variation approaching 5°, to be achieved with d.c. arc excitation. 


Rapid spectrographic analysis for hafnium-zirconium ratios: L. D. and F. D. 
Research Division, U.S. Industrial Chemicals Company, 1275 
Ohio. 


Section Road, Cincinnati 37, 


Hafnium-—zirconium ratios in water soluble zirconium (hafnium) salts may be analysed rapidly 
with good precision by use of a novel procedure for sample preparation. For hafnium—zirconium 
ratios [Hf—(Hf ZR)] 100, in the range of 0-1°% to 30°, and 75% to 98°,, a 0-1 ml. volume 
of an aqueous solution is evaporated in an undercut cup electrode. With a 2750 volt a.c. are 
the coefficient of variation is 3-5°,,.. Up to thirty samples may be analyzed in duplicate in three 
hours. The sensitivity may be extended to 90 p.p.m. of hafnium in zirconium using a 20 amp. 
d.c. are and a solution type electrode with somewhat less precision (5-5°,). 
The photoelectric determination of hafnium in zirconium oxide. The role of the “carrier’’: 

Joun A. Norris, Analytical Chemistry Division, Oak Ridge National Laboratory, 

Oak Ridge, Tenn. 


A method for the spectrographic determination of hafnium in zirconium oxide, based on the 
work of SmirH and Sprrzer and extended by Mortimore and Nosie, has been adapted for use 
with small samples and with a photoelectric recording device. 


Spectrochemical determination of trace impurities in plutonium nitrate solutions: A. J. .JoHuNsoN 
and E, Vesvopa, The Dow Chemical Company, Rocky Flats Plant, Denver, Colo. 
A spectrographic method has been developed for the determination of thirty-four elements 
in plutonium nitrate solutions. The method employs a salt-cap principle whereby a volume of 
the plutonium nitrate solution is evaporated onto a charge of sodium fluoride which had 
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previously been evaporated in a shallow cratered electrode. The electrode charge is excited 
with an alternating current are and the impurity spectrum recorded on a photographic plate. 

Since the sodium fluoride suppresses the complex plutonium spectrum, a larger concentration 
of plutonium can be tolerated on the electrode than previously permitted by earlier spark 
methods. Consequently, by increasing the amount of sample which could be excited, an increase 
in detectability is realized. 


Isotopic uranium analysis on the direct-reading optical spectrograph: T. Ler, 8. Karz and 
S. A. MacIntyre, Technical Division, Oak Ridge Gaseous Diffusion Plant, Union Carbide 
Nuclear Company, Oak Ridge, Tenn. 

A rapid, high precision procedure for routine isotopic analysis on the emission spectrograph 
was developed and applied to routine samples. The sample (20 mg. U,O,) is placed in a nickel 
cathode and converted to the fluorides with aqueous hydrofluoric acid, resulting in a deposit 
readily excited to produce a stable and intense uranium spectrum. Four hollow-cathode source 
lamps, newly designed to permit sample changes in less than one-half minute, are used to 
facilitate handling a large number of routine samples. Both scanning and fixed-slit measuring 
techniques were examined and a combination selected to take advantage of the fixed-slit 
technique of greater time on peak, and to reduce the problem of exit-slit alignment to a simple 
adjustment made during routine measurements. 

Precisions of 0-0°,, absolute at the 95°, confidence level have been achieved at the 0-71°%, 
concentration. About 15 minutes of analyst time, which includes preparation, analysis and 


calculations, is required per sample. 


Infrared Spectroscopy 
Current problems and developments in infrared spectroscopy: RK. Norman Jones, National 


Research Council Division of Pure Chemistry, Ottawa 2, Canada. 


This introductory paper will deal in a general manner with some of the current problems 
and developments in the field of infrared spectroscopy and will be designed to provide back- 
ground material for the more specialized papers that are to follow in the Symposium on Recent 
Advances and Trends in Infrared Spectroscopy. 


Ultraviolet and visible ultra-microspectrophotometry using KBr Pellets: W. B. Mason, The 


University of Rochester School of Medicine and Dentistry, Rochester, N.Y. 


KBr micro-pellet techniques and beam-condensing systems similar to those used in the 
infrared have been investigated for work in the ultraviolet and visible regions in an effort to 
reduce sample requirements for quantitative spectrophotometry. Although the lower sample 
limit has not vet been clearly defined, useful data can easily be obtained with samples as small 

10° micrograms. This technique therefore holds considerable promise for work in the 


field where analytical techniques are often limited by the amount of available 


iis paper describes techniques and instrument modifications necessary for obtaining 

let and visible spectra on samples in the millimicrogram range. Representative data are 
and advantages and limitations of the procedure are discussed, 

This work was supported, in part, by funds from the U.S. Atomic Energy Commission and 


itilized equipment at the University of Rochester Atomic Energy Project. 


An infrared spectroscopic study of the dimerization of caprolactam by hydrogen bonding: kt. ©. 
Lorp and T. J. Porro,* Spectroscopy Laboratory, Massachusetts Institute of Technology, 
Cambridge 39, Mass. 


Caprolactam, (CH,),CONH, has been shown from its infrared spectrum to form a hydrogen- 


bonded dimer in carbon tetrachloride solution, which is presumed to be analogous to such dimers 


* Present address; Perkin-Elmer Corporation, Norwalk, Conn. 
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in carboxylic acids. The equilibrium constant, A,, for the dissociation of the dimer (Keg 
C,2/C '» Where C,, and C, are the respective molar concentrations of monomer and dimer in 
carbon tetrachloride) has been measured at 3°, 26°, 40° and 55°C., and found to have values 
0-00434, 0-00947, 0-0144 and 0-0209 mols/liter respectively. C 


peak absorbance of the monomer band at 3430 em 1 and C, was determined from C,,, and total 


m 


m Was measured by means of the 
concentration of caprolactam. 

From the temperature dependence of Keg AH ° for the dissociation was found to be 5-46 
0-2 keals per mol of dimer and AS’, 8-98 — 0-05 entropy units. The magnitude of AH” implies 
that the dimer is bonded by two N-H - - - O bonds of moderate strength (2-73 keals per bond). 

The bands due to bonded N-H stretching vibrations at 3088, 3217 and 3303 em did not 
change in relative intensity over a concentration range of a hundred-fold, which range was 
sufficient to change the dimer-monomer ratio by more than a factor of ten. It is concluded from 
this that all these bands belong to the same hydrogen-bonded species, which must be the dimer 
from the constancy of the ratio C,,?/C,. 
Ultraviolet-visible, infrared and magnetic resonance spectra of asphaltenes: K. A. Friepe., 

H. Rercorsky and J. A. Queiser, U.S. Bureau of Mines, Pittsburgh 13, Pa. 


Free radical concentrations in asphaltene are correlated with the ultraviolet-visible spectra 
for solid and dissolved asphaltene. Free radicals per gram and the spectral intensities vary: 
dilute solution concentrated solution solid asphaltene. In some dilute asphaltene solutions 
the free radicals and the spectral intensities exceed those in the original coal vitrain. Free 


radicals are apparently being produced by dissociation in solution. 


Infrared spectra of solid and dissolved asphaltene show both negative and posit ive deviations 
from absorption law constancy. These deviations are ty pical of systems dissociating in solution. 
Nuclear magnetic resonance measurements show peaks at positions of protons on saturated 
C’s. protons on C’s adjacent to aromatic rings or other unsaturated system and protons on 
aromatic (benzenoid) rings. For atypical asphaltene from coal hydrogenation the ratio saturated 


HJaromatic H is 4-6. 


Observations on the infrared spectra of alkyl and ary] substituted silanes: Kicuarp A. KNISELEY, 
A. Fasset and Evetyn E. Conran, Institute for Atomic Research and Department 
of Chemistry, Lowa State College, Ames, lowa. 


A study of the infrared spectra of mono-, di- and triphenylsilane and the corresponding 
deuterated silanes has led to the characterization of the frequencies associated with the silicon 
hydrogen vibrational modes. In addition the infrared spectra of approximately 80 other mono-, 
di- and trisubstituted silanes have been examined and the frequencies of the silicon—-hydrogen 
vibrations recorded. This information has been assembled into a correlation chart which relates 
the number and position of the absorption bands to the ce gree of substitution on the silicon 
atom. Likewise, careful measurement of the frequencies of these bands provides information 


concerning the character of the substituent groups present on the silicon atom. 


Infrared spectra and type of bonding in metal chelates of heteroaromatic amides: Sister Mary 
Leon Betrrwy, 8.C. and Brother CoLumMBA CurRRAN, Department of Chemistry, University 
of Notre Dame, Notre Dame, Ind. 


Infrared spectra have been obtained for picolinamide, quinaldamide and quinoline-8- 


carboxamide and their complexes with palladium(IL1), platinum(I1), copper(II) and zine chlorides. 
The single N-H peak observed in the spectra of the palladium chelates indicates the replacement 
of nitrogen-to-hydrogen by nitrogen-to-palladium bonds, giving coplanar thread-like polymers 
in which the separate molecules of the trans complexes are linked by strong hydrogen bonds. 
The spectrum of the platinum complex with picolinamide indicates similar bonding but a cis 
configuration. 

The spectra of the 1 : | complexes of the amides with cupric chloride and with zine chloride 
indicate the presence of oxy gen-to-metal bonds. In the 2: 1] complexes thes bonds are absent; 


only the ring nitrogen atoms are coordinated with the metal atoms. Very strong intermolecular 
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hydrogen bonds are formed between the amide groups of adjacent 2 : 1 copper complexes. These 


interpretations are supported by the spectra of the complexes of these metal chlorides with the 


esters corresponding to these amides. 


Infrared absorption spectra of dl-alpha-amino-n-butyric acid and some transition metal com- 
plexes: Sister Mary Marina Kewnne ry, B.V.M., J. V. Quacuiano*, University of Notre 
Dame, Notre Dame, Ind.; 58. Mizusnima and M. Tsupor, University of Tokyo, Tokyo, Japan 


The infrared absorption spectra of the metal complexes of dl-alpha-amino-n-butyric acid 


with Cu(ll), Null), Znt ll) and Pt(Ll) have been studied in the 2-15 micron re gion and compared 


with the spectra of dl-alpha-amino-n-butyric acid, sodium-dl-alpha-amino-n-butyrate and 


dl-alpha-amino-n-butyric acid hydrochloride. The assignment of the bands of these spectra 


has been made based on a study of the normal vibrations of glycine, alanine and propionitrile. 


Essentially covalent metal-to-nitrogen bonds are indicated in all of the complexes by the shift 


ypon coordination of the NH stretching frequency to lower values as compared to sodium-dl- 


alpha-amino-n-butyrate. The greatest shift is observed in the platinum complex thus indicating 


that the Pt N bond has the most covalent character. The spectra also reveal that the reson- 


ance structure of the carboxylate group is essentially preserved. Thus the bond between the 


metal and the carboxylate group is for the most part ionic since the carboxylate antisymmetric 


stretching vibration is retained at about 1600 em™ in each of the complexes, the greatest shift 


again being observed for the platinum complex. 


The chemical characteristics of mycobacteria: H. M. Ranpawt, Randall Laboratory of Physics, 
University of Michigan, Ann Arbor, Mich.; A. P. MacLenNAN, Microbiological Research 
Institute, Porton, Wiltshire, England, and D. W. Smrra, Department of Medical Micro 


biologv., University of Wisconsin, Madison, Wis. VOL 

Phe assumption upon which this work is based is that bacteria having different biological iY 
properties will also be different chemically. It has been advantageous to limit this study to 95 
the lipids of the organism extracted by a solution of ethanol-ether. These lipid extracts are 


complex mixtures and are divided into 70 to 80 parts by column chromatography. The infrared 


absorption spectrum for each part is recorded in the region from 2-15 microns, 


Upon comparing the spectra of substances eluted from the various columns it is seen that 


some of the spectra are repeated and as one might expect certain substances are present in the 


lipids of each strain of bacilli regardless of type. In addition to these common compounds 


however, it has been demonstrated that each of six types of bacilli examined has a specific 


compound that would rmit the ree ognition of the strain typ ‘| hes« strain cir compounds 


have been studied in a total of 70 strains of bacilli and chemical studies are in progress to deter- 


mine the nature of these materials. 


Infrared investigation of the molecular changes occurring in polyethylene during oxidation: 


J. P. Lvonxeo, Bell Telephone Laboratories, Inc., Murray Hill, N.J. 

This paper concerns the changes in th lecular structure of polyethylene during oxidation. 
The present accepted theor nvolves a free radical process and is based largely on reaction 
kinetics measurement ising | coms inds 

Infrared spectrosecoy iffords an alternate method of following the course of the oxidation 
reaction vo rding tl frared spectra of polyethylene samples during oxidation, it was 
possible to « tinuousiv follow the formation of various oxvgen-contaming groups 

During the ear stages of oxidation, the formation of hydroperoxides was noted as was their 
subsequent ce mposition into the predominant secondary oxidation products. 

It was poassil to determine a molecular site which is quit susceptibl to oxygen attack 


after auto-catalytic oxidation had begun and observe the resulting decrease in methvlene 


The results provide a more complete description of the products formed during the course 


* Present address: The Florida State University, Tallahassee, Fla. 
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of oxidation and support the presently accepted mechanism of the oxidative degradation in 
polyethylene. 


The preparation, physical properties and infrared spectra of several new organophosphonates: 
D. F. Perrarp J. R. Ferraro and G. W. Mason, Argonne National Laboratory, Lemont, 


The preparation, physical properties and infrared spectra of several new organophosphonates 
[(G’O)G PO(OH)|* is reported, Cryoscopic molecular weights in benzene show that these com- 


pounds are dimeric, and infrared studies of this association in CCl, in the OH region show no 


free OH absorption. The stronger hydrogen bonding in the organophosphorus compounds of 
the type [(GO),PO(OH) (GO) PO(OH), [((G’O)GPO(OH) IG, PO(OH)] and [GHPO 
(OH)] as contrasted to that in monocarboxylic acids is discussed. 


CH, rocking vibrations and structural correlations of poly(ethylene oxides): H. F. Wuire and 
and C, M. Lovett, Research Department, Union Carbide Chemicals Company, South 
Charleston, W. Va. 

Infrared absorption spectra of ethylene glycol and various higher molecular weight poly 
(ethylene oxides) have been obtained both in the liquid and solid phases. The similarity of the 
solid and liquid phase spectra for the poly(ethylene oxides) suggest that these materials exist 
in essentially the same conformation (gauche) in both phases. The disappearance of a bond 
similar to one in liquid ethylene glycol with increasing molecular weight suggests a molecular 
weight dependence of a trans conformation. 

Oriented high molecular weight poly(ethylene oxide) spectra are consistent with recent 
X-ray diffraction studies. 


Advances in near-infrared spectroscopy: Witsur I. Kaye, Beckman Scientific Instruments 

Company, Fullerton, Calif. 

The justification for considering the near-infrared portion of the spectrum as a separate 
discipline are discussed. The uniqueness of the near-infrared region resides more in its instru- 
mentation aspects than its molecular absorption process. Recent analytical advances are very 
promising, particularly as they apply to process control applications. These analytical applica- 
tions, along with certain phy sical chemical developments, are surveyed. 

Among the most interesting applications of near-infrared spectroscopy is the study of 
intermolecular interactions. Hydrogen bonding is an example of a strong intermolecular inter 
action. Even stronger coordinate bond interactions are readily susceptible to spectroscopl 
study. With advancing techniques in high resolution spectroscopy many weak van der Waals 
interactions may be studied quantitatively. The mechanism of solvent shifts will be discussed 


and correlated with other physical properties. 


Solvent and concentration effects on the near-infrared N—H bands of aromatic amines: Keewim 
B. Wuetse., E. Roperson and Max W. Tennessee Eastman Company, 
Division of Eastman Kodak Company, Kingsport, Tenn. 


The effects of concentration and solvent on the first overtone and combination N-H bands 
of aromatic amines were investigated. Two primary and two secondary amines were studied 
in carbon tetrachloride, chloroform and acetonitrile at concentrations ranging from 0-1 
undiluted samples; four other primary amines were studied at concentrations between 0-1 and 
10°. Both the other primary amines were studied at conpositions and the molar absorptivities 
of the bands varied markedly with solvent and with concentration in a given solvent Uh 
integrated intensities of the first overtone bands also varied with concentration and solvent 
but not as widely as the peak intensities. Relative intensities of the combination and overtone 
bands of a given amine and of the combination bands of different amines are also solvent de 
pendent. The significance of the results in relation to the qualitative and quantitative analysis 


of aromatic amines will be discussed. 


* Gmay be an alkyl or aryl group 
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Some analytical applications of the fundamental hydroxyl stretching vibrations: Roserr F. 


Goppv, Research Center, Hercules Powder Company, Wilmington 99, Del. 


Intramolecular interactions in hydroxy! compounds are readily detected in the 2-7- to 


3-0-micron region. These interactions are usually related to some form of hydrogen bonding. 


The fundamental hydroxyl spectra which are obtained in this region using high-resolution 


instruments are useful in both qualitative and quantitative analytical work. Spectra—structure 


correlations on phenols, aleohols and hydroperoxides will be the main subject of this paper. 


Most of the work has been done in carbon tetrachloride solution because solvent effects on 


hydroxy! spectra are quite pronounced. Methylene chloride is both fairly transparent from 


2-7 to 3-0 microns and is an excellent solvent. Its use in analytical work in this region will be 


discussed also. 


The determination of hydroxyl numbers by near-infrared absorption: (. L. Hivron, United: 
States Rubber Company, Research Center, Wayne, N.J. 


\ near-infrared absorption method for the determination of the hydroxyl numbers of 


polyesters and polyethers is described. The sample is dissolved in a suitable solvent and the 
near infrared absorption spectrum is determined from 3-2 to 2-0 microns. The effect of tempera- 
ture upon the accurac \ and precision of the method is discussed. Several solvent systems were 
studied and found to be satisfactory for these determinations. The best solvent system with 


respect to applicability to the largest number of compounds was 10°, (by volume) chloroform 


in carbon tetrachloride. 

The accuracy and precision of the method have been found to be satisfactory for routine 
analyses, 

The advantages of the new method over the acetylation procedure usually used for hydroxyl 
number determinations include a saving of about one man hour and two elapsed hours per 


duplicate determination. 


The application of near-infrared spectroscopy to the analysis of terpenes and their derivatives: 
Bernarp M. Mirzner, Instrumental Analysis Laboratory, and Joun Loort, Research 
Department, van Ameringen-Haebler, Inc., Union Beach, N.J. 


rhe technique of near-infrared spectroscopy has been applied to the examination of terpenes 


and their derivatives that are of importance to the essential oil industry. Spectra of some linear 
eycelic and bicyclic terpenes, along with their alcohols, esters, acetals, etc., have been examined. 
Their hydrogenated derivatives were also examined as well as some common essential oil 


mixtures. Band assignments have been made by both calculating the frequencies as well as 


experimentally determining them, with the aid of selective reduction procedures and isotopic 


dilution and exchange. 


Reference spectra of a series of terpenic materials were studied in this region, and an outline 


is present d for the elucidation of some unknown t« rpenic materials from a knowledge of the 


spectra of the basic terpenic skeletons and their unsaturated counterparts. 
| 


Some typical quantitative analytical applications are discussed along with a comparison of the 
] 


precision and accuracy of the near infrared region compare d with the infrared region. 


The sources of some of the overtones and combinations are discussed, including vibrational 


coupling, pi-sigma interactions, etc. 


A discussion of solvent effects and hydrogen bonding, as well as the effects of electronega- 


tivity of adjacent groups on changes of frequency and intensity, is covered. 


Determination of hydroxyl value of alcohols by near-infrared spectroscopy: RK. 0. Cris-er and 
A. M. Burritt, The Procter & Gamble Company, Miami Valley Laboratories, Cincinnati 31, 
Ohio. 


A method has been developed for the determination of hydroxy! value of aliphatic primary 
alcohols using the OH stretching overtone at 1-4 microns in the near-infrared region. Samples 


are analyzed as dilute solutions in carbon tetrachloride or perchloroethylene. The concentration 
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of alcohol must be kept below 100 mg. OH per 100 ml. of solution. Using a calibration curve, 
results on a number of fatty alcohol samples are compared with values obtained by the acetic 
anhydride—pyridine method. The average difference is found to be 0-43°% relative. 

Some differentiation between types of OH can be made using the OH overtone region. 
Extension of this method to other alcohols is suggested. 


Near-infrared spectroscopy using the Perkin-Elmer model 21 infrared spectrophotometer: 
BERNARD M. Mrirzner, Instrumental Analysis Laboratory, and Joun J. Loort, 
Department, van Ameringen-Haebler, Inc., Union Beach, N.J. 


2 re 
veseart h 


A method is described whereby a standard Perkin-Elmer Model 21 Spectrophotometer 
is converted for use in the near-infrared region of the spectrum. A minimum number of modi- 
fications were made so as to make the near-infrared available to people on a limited budget 
who wish to investigate this region. Simple changes were made which involved the scanning 


mechanism, wave-length drive, slits and electronic gain in sampling technique which resulted 
in our obtaining satisfactory spectra that are usable in qualitative and quantitative work. The 
procedures involved in the conversion of the instrument are discussed, as well as the sampling 
techniques. 

Wavelength and transmission, reproducibility and accuracy, stray light, signal to noise 
limitations, pen response and source output are discussed and compared with commercial 
units for this region. The validity of Beer’s law is demonstrated and limitations of the modified 
instrument are discussed along with a presentation of more extensive modifications which will 
vield more accurate data. 

A series of spectra obtained with the modified instrument is compared with a similar series 
obtained with commercial near-infrared units, and the theoretical reasons for some of the 
inherent limitations of the conversion, such as Nernst glower output energy, rock salt dispersion, 
etc., are discussed. 


Reflectance spectroscopy in the near-infrared: Kosertr J. Manninc, Beckman Instruments, 
Inc., Fullerton, Calif. 


In the past, spectroscopy of solids in the near-infrared region has been hampered by several 
difficulties. The number of useful solvents is extremely limited; high concentrations of sample 
are required; KBr pellets tend to cause severe scattering at the shorter wavelengths; mulls 
contribute scattering and solvent interference, ete. The reflectance technique described here 
has been found to eliminate many of these difficulties. 


This work was done on a Beckman DK Spectrophotometer equipped with a 6 inch, MgO- 
coated, integrating sphere which can be used at wavelengths up to 2-6 microns. 

Results have shown that reflectance spectra in the near-infrared region are quite similar to 
transmission spectra of liquid phase samples. A large number of spectra of both organic and 
inorganic samples have been obtained. Similarities and differences between reflectance and 
transmission spectra will be shown. 

Application of this technique to practical problems will be illustrated by studies of vapor 
adsorption on cracking catalysts and the bonding of water in clays and minerals. 


Aids in raman spectroscopy: H. H. Cary, RoLtanp C. Hawes and Kenyon P. Grorcr, Applied 
Physics Corporation, 2724 South Peck Road, Monrovia, Calif., and ALFrep E. MANN and 
Frank C. Rock, Spectrolab, Inc., 7423 Varna Avenue, North Hollywood, Calif. 


Devices described include a narrow band-rejection interference filter to facilitate work with 
colloidal solutions and solids, an improved liquid filter for 4358 A isolation, and a one-half ml 
Raman cell using a total reflection. The latter has substantially the same output of Raman 
radiation as a cell of conventional design with over 100 times its volume. 
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Characteristic infrared absorptions of thiol esters and related compounds: K. A. Nyquist and 


W. J. Porrs, Spectroscopy Laboratory, The Dow Chemical Company, Midland, Mich. 


The carbonyl stretching vibration of thiol esters (—-C-——-S group) behaves in a manner 


analogous to the corresponding vibration in ordinary esters, but is found at lower frequencies, 


The variation in carbonyl frequency with changes in the nature of the groups bonded to the 


C—S§ group is analogous to the variations of corresponding frequency in ordinary esters, 


but the magnitude of the effect may differ markedly. An attempt is made to correlate these 


differences with the electronic properties of the attached chemicals groups. 


Other absorption frequencies characteristic of the C—S group have been observed. 


The vibrations responsible for these frequencies have been assigned, and an attempt made to 


correlate their frequency variations with electronic properties of the attached chemical groups. 


Infrared studies on acrylamide: Norman B. Covuruve, American Cyanamid Company, Stamford, 
( 


min. 


Che infrared spectra of acrylamide have been examined which include the spectra of Nujol 
and HCBD mulls, the water solution, the polarized spectra of the oriented solid and the polarized 


Raman spectrum of the water solution. From these data and from correlations with similar 


mments for the vibrations have been made. In addition certain molecular 


le ule 5s. ssi 


orientations are deduced for the crystal which agree with a model constructed from hydrogen 


bonding and space group symmetry considerations, 


Carbon hydrogen frequencies in the 3-micron region using a lithium fluoride prism:  Srerurs 
E. Stancey C. Bunce and Water H. Baver, Department of Chemistry, 
Troy, N.Y. 


\ brief review is given of the information which can be obtained by studying the 3 micron 


Rensselaer Polytechnic Institute, 


region using a lithium fluoride prism. For example, the ratio of methyl to methylene groups can 


be established. In the case of saturated ring systems such as cyclopropyl! derivatives, the ring 


CH, groups give rise to a symmetrical stretching vibration at 3020 em™ and to the unsymmetrical 


mode at 3085 em™?. Data compiled on 60 cyclopropyl derivatives will be presented to show the 


reliability of these assignments. In the case of evclobutane derivatives, the ¢ H, group gives 


rise to bands at 2915 and 2985 em™ in the majority of the compounds studied. The spectra of 


sixty aromatic compounds will be presented and evaluated with particular emphasis on ortho, 


meta, para and halogenated derivatives. The spectrum of heavy chloroform will be discussed as 


an example of how assignments of bands to various combinations or overtones can be checked 


in the 1 to 3 micron region by using a deuterated molecule. 


Perturbing influences on characteristic infrared frequencies: Koper’ P. Bauman, Polytechnic 
Institute of Brooklyn, Brooklyn, N.Y. 


Variations in characteristic vibrational frequencies have been attributed to a variety of 
effects, including changes of mass, bond order and bond angle, as well as electrostatic, inductive 


and hydrogen bonding influences and changes of form of the vibrations due to mixing of 


vibrational modes. Criteria for distinguishing between the various mechanisms will be considered 


and an interpretation of the spectra of several classes of compounds will be presented in terms 


of a theory with a minimum number of postulates and parameters. Evidence will be given for 
the view that bond character is, for any given pair of nuclei, expressible by a single parameter, 
which thus fixes bond length, force constant and polarizability. Dipole moment values and the 
effect of substitution of halogens and oxygen will be considered. Methods of checking these 
interpretations in terms of other types of measurements will be discussed. 
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Correlation of the SiH stretching frequency with molecular structure: A. Lex Smiru and N. C. 


ANGELOTTI, Spectroscopy Laboratory, Dow Corning Corporation, Midland, Mich. 


The frequency of the SiH. stretching absorption varies with the other substituents on the 
silicon in a manner which roughly parallels the sum of their electronegativities. Using a few 


selected compounds as standards, one can derive a characteristic constant for each substituent 


group such that the SiH frequency of other substituted silanes can be predicted to an accuracy 


of ~2em™. The relationship of these constants to the Gordy electronegativities, and their use 


in characterizing silanes of unknown structure will be discussed. 


Orbital-orbital repulsive interaction in o-halophenols: A. W. Baker and W. W. Karpina, 
Research Department, Western Division, The Dow Chemical Company, Pittsburg, Calif. 


The infrared spectra of o-halophenols show a Avgy shift of the bonded OH group in the 


order F < Cl < Br <I, This has been previously interpreted as a measure of the strength of 
the hydrogen bond. However, on evidence obtained from the OH spectra of unsymmetrical 
2,6-di-halophenols, the order of the hydrogen bond strength is shown to be C1 Br F & 
The anomalous der is attributed to both the varying size of the halogens and to an orbital-orbital 
repulsive interaction which increases in the order Cl Br 1. This interaction occurs between 


the O-H bonding orbital and the donated lone pair orbital of the halogens, and is due to the 
very small ammount of directional character in the lone pair orbitals (large amount of s hybridi- 


zation). 


Vibration spectra of some phosphorus chlorofluorides: Kosrerr Factor, Frank Serarin and 
M. Kent Witson, Department of Chemistry, Tufts University, Medford 55, Mass. 


PF,Cl, PFCIL, and PCI,F, have been prepared and their vibration spectra obtained. The 
observed bands have been assigned to the appropriate normal vibrations. Some comments 


concerning the force fields which obtain in these molecules have been made. 


An infrared study of the out-of-plane C—H bending vibrations of monosubstituted naphthalenes: 


T. 8S. Wane and J. M. Sanpers, Diamond Alkali Company, Cleveland, Ohio. 


A study has been made of the infrared spectra of a number of 1- and 2-monosubstituted 
naphthalenes to determine the effect of the substituent on the characteristic bands in the 
out-of-plane C-H bending vibration region. In the 2-substituted naphthalenes, frequencies of 
the out-of-plane C-H bending vibrations of the four adjacent hydrogen atoms on the unsubsti- 
tuted ring andof the two adjacent hydrogen atoms on thes ubstituted ring are relatively constant. 


However, the out-of-plane bending vibration band of the isolated hydrogen atom varies with 


the nature of the substituents on the 2-position. Inthe l-substituted naphthalenes, the orthopara 


directing groups exert an effect on both rings therefore causing only a small frequency shift of 
the out-of-plane C-H bending bands. These effects of substituents are discussed with reference 


to current theories of bond structure of naphthalene. 


A review of out-of-plane deformation frequencies in substituted ethylenes: W. J. Porrs and 
R. A. Nyquist, Spectroscopy Laboratory, The Dow Chemical Company, Midland, Mich. 


A normal coordinate analysis of the out-of-plane bending vibrations of the vinyl group has 
shown that the two higher frequencies are strictly analogous to the out-of-plane hydrogen 


deformations of trans and unsymmetrical disubstituted ethylenes. The frequencies of these 
vibrations vary considerably with the nature of the substituents. It is possible to correlate the 


frequencies with the inductive and resonance properties of the substituents. 


High resolution spectra from 2 to 5 K. and L. R. National Bureau of 
Standards, Washington 25, D.C. 


A grating spectrometer has been designed using the double pass system of optics. With 
the use of cooled lead sulfide cells as the detector, a resolution between 0-02 and 0-03 em= 


is 


obtained between 3 and 4 microns. 
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Spectra have been obtained of some of the bands of ethylene, ethane and deuterated 
methanes. 

The percent absorption of rotational lines appears to increase with increase of resolution. 
The methane band at 3-4 ~ can now be observed with 0-1 mm pressure (Hg) in a 6-meter cell, 
but with lower resolution | mm pressure is required. The influence of slit width on intensity 
will be demonstrated by slides. 

Spectra of other molecules containing 12 or more atoms will be shown, and the importance 
of high-resolution spectra for the solution of certain problems will be discussed. 


Application of some recent theoretical developments: Waren F. Chemistry Depart- 
ment, Purdue University, Lafayete, Ind. 


This paper discusses the application of two recent theoretical developments to infrared 
studies with a small grating spectrometer. The first of these utilizes band shape to obtain 
information about atomic displacements in degenerate modes. The second uses the localization 
of vibrations to factor the secular equation for larger molecules. This permits selected modes to 
be treated without the necessity of solving the vibrational problem for the whole molecule. 

In our initial efforts these methods have been applied to the evaluation of less ambiguous 
force constants and bond electrical properties, in determining the substituent effect upon bond 
properties (force constants, bond dipole derivatives, etc.) and in the interpretation of complex 
spectra. 

The details of the treatment of the 5 region of Ni(CO),, where eight bands are closely 
crowded together, will be given. Examples of the other applications will be given as time 
permits. 


Infrared absorption spectra of solid solutions: J. A. A. Kerenaar, University of Amsterdam, 
Holland. 


Solid solutions are formed in many cases when inorganic salts mixed with alkali halides, e.g., 
potassium bromide, are pressed into discs. The infrared absorption spectra of ions in solid 
solution differ greatly from those of the pure salts. The limit of solubility can be derived from 
the occurrence in the infrared spectrum of both the band due to the solid solution and to the 
pure salt; also, double decomposition is detected from changes in the spectrum. 

The bands of solid solutions are in many cases very narrow. Moreover, the frequency shifts 
with a change of the alkali halide matrix. This shift is brought about by the interaction of the 
oscillating ion with the matrix lattice, and the size of the shift is connected with the absolute 
intensity of the band under consideration and with the refractive index of the matrix. 


Spectra structure correlations for some hydrocarbons derivatives in the cesium bromide region: 
F. F. Bentiey and M. T. Ryan, Materials Laboratory, Wright Air Development Center, 
Wright-Patterson Air Force Base, Ohio. 


Group correlations in the far infrared region are capable of giving information of value in 
structural determinations and serve as a complement to the rocksalt region. The infrared spectra 
of a considerable number of hydrocarbon derivatives have been investigated from 15 to 35 
microns and the characteristic absorption frequencies incorporated into spectra-structure 
correlation charts. The classes of compounds studied include bromo and iodoalkanes, alcohols, 
ethers, ketones, esters, carboxylic acids, sulfur derivatives, silanes and ferrocenes. Typical 
infrared spectra of these compounds are presented and the correlation charts discussed. The 
paper is more concerned with empirical rather than detailed assignments of absorption frequencies 
in the cesium bromide region and the use of the correlation charts in analysis. 


Micro-quantitative infrared analysis: J. E. Srewarr, RK. O. Brace, T. Jonns and W. F. Unricna, 


Beckman Instruments, Inc., Fullerton, Calif. 


The use of micro-infrared techniques in qualitative analysis has become commonplace. 
Apparatus and methods have been developed for the study of 5 to 100 microgram amounts of 
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solid, liquid and gaseous samples. Occasionally it is desirable to perform quantitative analyses 
on micro samples. For example, certain substances are difficult to separate by means of gas 
chromatography. Their combined concentration in mixtures can be determined from the 
chromatogram, but other means are required to establish their individual concentrations. 
Techniques for collecting such fractions and analyzing them by infrared will be discussed with 
mixtures of m- and p-xylene, m- and p-cresol, and o-cresol and 2,6-xylenol as representative 
two-component samples. About 20 micrograms of these strongly absorbing liquids are required 
to fill the micro-cell. Unusual techniques for difficult samples, including the use of heated 
micro-cells, the far infrared and extremely small sample size will be discussed. 


Trace gas analysis using combined ordinate scale expansion and long-path infrared spectro- 
photometry: Vixcent J. Coares, Raymonp R. Sawyer and Norman I. Apams, III, The 
Perkin-Elmer Corp., Norwalk, Conn. 


Ordinate scale expansion has recently been utilized to improve the detectability of weak 
infrared absorption bands by large factors. Similarly, for several years multiple-traversal long- 
path cells have provided major improvement in the lower detectability limits of gases and 
vapors in the infrared region. The work has been directed to the optimum combination of the 
two techniques to provide further improvement in trace analysis sensitivity. Several factors 
must be considered for optimum system design. The cell design chosen provides twin cells for 
sample and reference beams, each with a 40-meter base path. The performance data obtained 
indicates that in some cases minimum detectabilities of one part in one hundred million can be 
obtained. Performance data showing double-beam compensation and the detectable limits for a 
number of gases and vapors are shown. These indicate that this combination of instrument, 
long-path sample cell, and recording system has achieved trace analysis sensitivities as great or 
greater than those previously reported for the infrared region of the spectrum. 


Digital electronic methods of infrared analysis: Konavp H. Tariinx, International Telephone 


and Telegraph Laboratories, Nutley 10, N.J. 


Some recent developments are described which employ digital methods of manipulating 
information contained in infrared spectra. 

By this means a number of analytical techniques are used which cannot be considered in a 
practical sense using the classical graphical interpretation. Considerable power is added to the 
analysis by using the total information contained in the spectra, and by using least squared 
error matching techniques it is possible to obtain a solution from mixture spectra which would 
not normally yield to analysis. A biorthogonal spectral function is also derived which allows a 
quick quantitative solution to be obtained from complex mixture spectra when the constituents 
are known but not their concentration. 

The “answers” to analysis may be synthesized in spectral form and differential comparison 
with the original unknown spectra produce an error spectrum whose integrated area describes 
the percentage error of analysis. It also displays the portion of the spectrum contributing to 
error and allows abberations from such sources as non-linear mixing to be discarded. 

Errors introduced by the spectrophotometer may be extracted from wanted spectra with a 
consequent improvement in information, and a sensitive monitoring of machine drifts and 
assignment of causes of error can be made. Some results of analysis are presented. 

A transistorized digital analyser system is described together with an optical digital converter 
which translates analogue values of transmittance to numerical values of absorbance in binary 
coded form. 


A double-beam automatic prism-grating infrared spectrophotometer: L. Spectro- 
scopy Laboratory, The Dow Chemical Company, Midland, Mich. 

The design and performance of a prism-grating, double-beam infrared spectrophotometer 
primarily intended for chemical analysis will be described. Ease of operation, rapidity of 
scanning and the presentation of spectra as unbroken recordings on charts of a size to fit 
standard filing cabinets have retained for this instrument the convenience of the conventional 
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prism spectrophotometer. This has been achieved by completely automatic programming of 
the changes required in using three gratings (two in the first order only, and one in the first and 
second orders) with their associated slit and wave number cams. The spectra are presented 
linear in transmittance on a nonlinear scale registered as absorbance, versus wave number on a 


1(2-6 to 22 nw). The recording time averages about 
1 


linear scale covering the range 3800 to 350 cm 
15 minutes. With the 127 mm 102 mm gratings a practical resolution better than 0-4 em 
can be attained throughout the spectrum without reaching the optical and energy limits. Since, 
however, the widths of bands of organic compounds are usually greater than ~5 cm™ the slit 
program normally used provides a resolution of about 1 em™!. Under the conditions the signal to 
noise is at least 800 to 1 with a one second time constant and the observed absorbances are 


substantially the absolute values. 


A new infrared prism spectrophotometer: Tuomas F. Fiyxy, The Perkin-Elmer Corp., Norwalk, 
Conn. 
A new infrared prism spectrophotometer has been designed and will be described. Features 
of the design will be discussed and performance data shown. Particular emphasis has been 


placed on solving many of the problems which exist in similar instruments currently available, 


including faster scanning, simplicity of operation, faster prism interchanges and increased 


versatility. 


Performance of a new double-beam prism infrared spectrophotometer: Kaymonp RK. Sawyer 


and Ropert E. Anacrgon, The Perkin-Elmer Corp., Norwalk, Conn. 


The performance of a new double-beam prism infrared sper trophotometer has been evaluated 
in terms of speed, accuracy, stability and versatility in measuring and recording infrared spectra. 
The results show, in particular, that the instrument can record accurate spectral data at high 
speed and in the presence of interfering background absorption. The materials used to illustrate 
its performance were selected for their general interest for the large amount of work that has 
already been done on them by others. These were also chosen to show the special advantages 


resulting from the use of several new features possessed by this spectrophotometer. 


Modification of a Perkin-Elmer 12-C and microscope for microanalysis of biological materials: 


Howarp L. Dinsmore, Bethel College, St. Paul, Minn., and Pace KR. EpMonpson, Depart- 


ment of Medicine, University of Minnesota, Minne apolis, Minn. 


A Model 12-C single-beam spectrometer with attached model 85 infrared microscope has 
been modified with adjustable cam attachments to give linear wavelength presentation and 
nstant energy throughout the 3-15 micron region. The components have been linked with a 
imple removable tube device so that dry air flushing will remove water vapor and carbon 
dioxide 
An inexpensive die unit has been constructed from lucite with which potassium bromide 
dises 3 millimeters or leas in diameter and contaming 10-30 micrograms of sample are easily 
made, Spectra of porphyrin compounds and sterols using the modified instrument and technique 


are shown. 


Determination of oil and phenols in refinery effluents using ULVIR model 2834: M. Axver and 


N. Wornersproon, Axler Associates, Inc., Corona 68, L.L.. N.Y. 


A new portable ULVIK high-resolution analyzer was developed for the petroleum industry 
which has long been concerned with the elimination of both oil and phenol from its effluent 
waters 

Chis instrument utilizes a grating with F/4-5 optics and a narrow bandwidth of 8 millimicrons. 
Chis instrument has the advantage of small size and portability, low cost and can be used with a 
standard recorder-controller. Its simplicity of design and operation enables it to be used by 
non-technical personnel. 

By differential comparison of a known concentration standard with the process stream 
concentration the control of an absorbing concentration can be accomplished. Application of the 
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instrument is not restricted to phenols but can be used for any substance absorbing in the range 


of 2-5 microns. Further more wider ranges may be obtained by changing the grating and 


source to an operating range of 0-200 to 15 microns. 


Water pollution analysis using a low-cost infrared spectrophotometer: Kaymonp R. Sawyer 
and Frep W. Beunke, The Perkin-Elmer Corp., Norwalk, Conn. 

The possibility of analyzing effluent water by low-cost infrared spectroscopy has been 
investigated. This paper describes the use of the low cost Perkin-Elmer Model 137 Infracord in 
analyzing effluent water for oil and detergent content. 

When analyzing effluent water for oil content, the water is mixed with carbon tetrachloride 
into which the oil is extracted. The carbon tetrachloride extract is placed into a 1 em quartz 
cell and the infrared spectrum from 3—4 microns is recorded. The pereent hydrocarbon content 
is calculated from a calibration curve of the oil in question. If the type of oil contaminate is 
unknown, then a standard mixture of 37-5°, isooctane, 37-5°,, hexadecane and 25°, benzene is 
prepared, Absorptiy ity values are determined for each standard component. 

Che-low cost infrared spectrophotometer can also be used to determine percent of detergent 
in water. In this method, it is necessary to extract all organic soluble components and then 
pass the water through an activated charcoal column which adsorbs the alkyl benzene sulfonate. 
The alkyl benzene sulfonate is de-absorbed with chloroform and the infrared spectrum from 
9-10 microns is obtained. Measurements are made at 9-6 microns (sulfonate) and 9-9 microns 
(substituted benzene). Comparison to a calibration curve of alkyl benzene sulfurate gives 
percent detergent. 


A low-temperature infrared cell: ©. M. Lovers and H. F. Wurre, Research Center, Union 
Carbide Chemicals ¢ ‘company, P. O. Box 8361, South Charleston, W. Va. 


An easily constructed low-temperature cell will be described. It is unique in that any of the 
available commercial infrared liqnuid cells may be used as the base component. The cell to be 
described is a commercial infrared liquid cell with fixed spacer. A backing plate was machined 


from } in. copper plate to replace the original. A reservoir 2 in. in diameter, made of 16 gaug: 


1 
copper tubing was, soldered to this plate. By the use of different cooling media in the reservoir. 
several different temperatures can be maintained. A thermocouple attached to the cell windows 
gives accurate temperature control, Several spectra representative of those obtained with this 


cell are presented. 


A least-squares treatment of spectrometric data: H. A. Barnerr and A. Barron, U 
Research Laboratory, Monroeville, Pa. 


A treatment of spectrometri data based on the method of least squares has been developed 
for use in quantitative applications. In the application of this treatment to infrared spect: 
photometric me thods, synthetic mixtures of the compounds representative of a given system 
are prepared and absorbance measurements made at selected wave lengths. The number of 
mixtures used (m) is some number greater than the number of compounds in the system (n 
Equations similar to those used in applications of the Bouguer—Beer Law are formulated for 
each mixture at each wave length. By applying the developed treatment, the data from m 
observations are combined into n equations. These equations are then solved simultaneously 
for absorption coefficients. Corrections for deviations from the absorption law can also be derived 
directly by including appropriate terms in the original formulated equations. This treatment 
has been applied in the development of spectrophotometric methods for the analysis of several 


val chemical stems. 


Infrared determination of deuterium by exchange of acetylene with water: J. |. Tayior and 
Bernxarp M. Mirzxer,* Department of Chemistry, Columbia University, New York, N.Y. 


The exchange of acetylene with water combined with mass spectrometric analysis has been 
used for a number of years in our laboratory for the determination of deuterium. Since infrared 


* Present address: van Ameringen-Haebler, Inc., Union Beach, N.J 
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spectrophotometers are more generally available, an investigation of their application to this 
method of deuterium analysis was undertaken. 

When acetylene is equilibrated with aslightly alkaline solution of water containing deuterium, 
a mixture of C,H,, C,HD and C,D, is obtained. The proportion of these molecules depend upon 
the concentration of deuterium in the water and upon the isotopic equilibrium constants. The 
infrared spectrum of the equilibrated gas at 40 em Hg pressure is obtained for a series of standards 


in a special cell with a 10 em optical path. For samples containing from 1-50 mole percent Df )», 


the C,HD band at 3-88 w is used. For samples containing more than 50 mole percent, the C,D, 


band at 4-12 ~ is more satisfactory. For samples of high D,O content (90-100), the sensitivity 
of the procedure can be improved by employing the exchange of heavy acetylene with the 
formation of C,HD, which can be easily determined. 


Characterization of chlorinated biphenyl by means of infrared absorption analysis: 1. . Kozoriz, 


General Electric Company, Hudson Falls, N.Y. 


An analysis of the structure of the spectra in the 5 to 6 micron region of chlorinated biphenyls 
has shown a correlation of band structure with the degree of chlorination. A trend toward 
simplification of the spectrum with increased substitution has been observed. In the absence of 
interferences, the identity of chlorinated biphenyls having as many as 8 chlorine atoms/molecule 
can be established from an examination of the 5 to 6 micron interval of the infrared absorption 


spectrum. 


Ultraviolet and Visible Spectroscopy 
Ultraviolet and visible ultramicrospectrophotometry using KBr pellets: \\V. 3. Mason, The 


University of Rochester School of Medicine and Dentistry, Rochester, N.Y. 

KBr micro pellet techniques and beam condensing systems similar to those used in the 
infrared have been investigated for work in the ultraviolet and visible regions in an effort to 
reduce sample requirements for quantitative spectrophotometry. Although the lower sample 
limit has not yet been clearly defined, useful data can easily be obtained with samples as small 
as 10° micrograms. This technique therefore holds considerable promise for work in the 
bio-medical field where analytical techniques are often limited by the amount of available 
sample. 

This paper describes techniques and instrument modifications necessary for obtaining 
ultraviolet and visible spectra on samples in the millimicrogram range. Representative data are 
presented, and advantages and limitations of the procedure are discussed. 

This work was supported, in part, by funds from the U.S. Atomic Energy Commission and 
utilized equipment at the University of Rochester Atomic Energy Project. 


Ultraviolet-visible, infrared and magnetic resonance spectra of asphaltenes: Kt. A. Frieper, 
H. Rereorsky and J. A. Querser, U.S. Bureau of Mines, Pittsburgh 13, Pa. 


Free radical concentrations in asphaltene are correlated with the ultraviolet-visible spectra 
for solid and dissolved asphaltene. Free radicals per gram and the spectral intensities vary: 
dilute solution concentrated solution solid asphaltene. In some dilute asphaltene solutions 
the free radicals and the spectral intensities exceed those in the original coal vitrain. Free 
radicals are apparently being produced by dissociation in solution. 

Infrared spectra of solid and dissolved asphaltene show both negative and positive deviations 
from absorption law constancy. These deviations are typical of systems dissociating in solution. 

Nuclear magnetic resonance measurements show peaks at positions of protons on saturated 
C's. protons on C’s adjacent to aromatic rings or other unsaturated system and protons on 
aromatic (benzenoid) rings. For atypical asphaltene from coal hydrogenation the ratio saturated 


Hiaromatic H is 4-6. 
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X-ray Spectroscopy 


The determination of impurities in elemental niobium and its compounds by X-ray spectroscopy: 
K. F. J. Hersricu and T. D. McKixiey, Pigments De partment, E. I. du Pont de Nemours 
& Co., Inec., Wilmington, Del. 


Claisse’s method of sample preparation by fusion with sodium tetraborate is suited to the 


analysis of impurities in niobium pentoxide. The homogeneity obtained, simplicity of sampl 


preparation and elimination of surface effects more than compensate for the moderate loss of 


counting rates compared with direct irradiation of the oxide. The standardization curves are 


linear up to 2 per cent of each impurity. Background determination on individual samples is 


unnecessary. The method has been extended to cover the range of zero to 100 per cent tantalum 


in niobium. In this case a correction is applied to take care of the nonlinearity of the standardi- 


zation curve. The lower limits for quantitative analyses (estimated 95 per cent confidence 
levels) are 100 ppm for Ta and Zr, 50 ppm for Fe, 30 ppm for Co, Cr, Mn, Ni, Ti and V. 


Determination of sulfur in fuel oil by X-ray spectrography: KR. Crark, Huy and 
C. M. Davis, International Nickel Research Laboratory, Bayonne, N.J. 


In the search for a rapid and convenient method for the determination of sulfur in fuel oil 


the gravimetric, combustion—titration, and X-ray spectrographic methods were investigated. 


A technique for the X-ray spectrograph eliminating the need for a mylar film over the sample 


and cleaning the sample holder will be described. The technique employs a disposabl cellulose 


wafer which is impregnated with the sample. Advantages and other applications of this 


“impregnated wafer” technique will be discussed. 


Applications of a fluorescent X-ray spectrograph probe: Joun W. THarcuer and Wittia™ J. 
CAMPBELL, Eastern Experimental Station, Bureau of Mines, College Park, Md. 


A curved crystal fluorescent X-ray spectrograph, designed specifically for small-area analysis, 


was constructed and evaluated by the Federal Bureau of Mines. Provision was made to either 


continuously measure the intensity from a single element while scanning the sample or study 


the X-ray spectra emitted from any selected spot. The goniometer was mounted to rotate in a 


vertical plane for compactness and for ease of conversion to a curved crystal spectrograph for 


handling macro samples. 


The effect of detector slit size, pinhole size and distance of the crystal from the focusing 


circle on intensity and resolution was evaluated to determine optimum operating conditions for 
detecting wavelengths from 0-708 A (MoKz) to 2-74 A (TiKz). Nickel Kz intensities of 66, 2620. 
and 4970 ¢/s and half widths of 0-14°, 0-27°, and 0-47° 26 were obtained from pure nickel with 


X-ray apertures of 0-1, 0-5 and 1-0 mm., respectively. 
Some applications of this spectrograph have been for identifying inclusions and segregated 


areas in metallurgical samples, small grains or crystals in polished mineralogical samples, and for 


studying the distribution of several elements in layers of minerals in drill cores. 


X-ray spectrographic determination of thorium in uranium ore concentrates: W. C. SrorcKker 
and C. H. McBripr, Mallinckrodt Chemical Works, St. Charles, Mo. 


Rapid precise determination of thorium in uranium ore concentrates can be performed with 


the X-ray spectrograph. The method is based on an intensity measurement at the Th La peak. 


Uranium itself serves as an internal standard since its concentration is accurately determined in 


ore concentrates for reasons of accountability. The X-ray intensity at the Th L« peak is 


compared with the intensity at the U La peak. The determination of background correction at 


the Th La peak presented a special problem because of its nearness to the intense U Lz peak. 


The precision at the 95 per cent confidence level was found to be — 2-5 per cent relative in the 


range of 0-3 to 1-2 per cent. Reasonable agreement was obtained between the X-ray method 


and a chemical method. <A study of interference effects indicated that only one element, 


bismuth, is critical. 
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Determination of the oxygen to uranium ratio in uranium dioxides by fluorescent X-ray analysis: 
W. Hovuk and Lovis Atomics International, Canoga Park. Calif. 


The determination of the oxygen to uranium ratio in samples of uranium dioxide is becoming 
more important, as the development of ceramic fuel elements for use in high-temperature 
nuclear reactors operating at 1000°C or more continues. The accuracy of non-instrumental 
methods leaves much to be desired. A fluorescent X ray spectrographic procedure was investi- 
gated in order to overcome some of the objections of other methods of determining the oxygen 
to uranium ratios. 

Samples of uranium dioxide were dissolved in 20°, nitric acid and diluted to 25 ml. The 
usual volumetric procedures for diluting samples were insufficient for the accuracy necessary 
(0-1 ml. difference in 25 ml. volume is equivalent to 0-35°, difference in uranium concentration). 
Therefore, the total weight of the solutions were recorded and the concentration of samples per 
gram of solution were used in subsequent calculations. The fluorescent data were obtained for 
the L-alpha line of uranium in the samples. The intensity of the uranium was compared to a 
standard plot in order to determine the percentage of the element present in the sample. 

Differences of 0-1 in the oxygen to uranium ratios in samples of uranium dioxide have been 
determined in the range of UQg» to UOs.4. In a series of five samples, four of the five fall in a 
straight line. The time to determine the ratio is in the order of 3 hours. 


Determination of manganese in gasoline by X-ray emission spectrography: Ricuarp A. Jonxs, 
Ethy! Corporation Research Laboratories, 1600 West Eight Mile Road, Ferndale 20, Detroit, 
Michigan. 


A method has been developed for determining manganese in gasoline by X-ray emission 
spectrography. In order to develop a satisfactory method, it was necessary to compensate for 
the interferences caused by variations in gasoline base stock and in the concentration of certain 
additives. This method makes use of a compensative reference, which consists of an iron rod 


positioned at a fixed distance from the specimen holder window. The intensities of selected 


manganese and iron lines are measured, and the concentration of manganese is calculated 
by comparing the manganese-iron intensity ratio for the sample to ratios obtained with known 
standards. The manganese-iron intensity ratio is reasonably free from interferences due to the 
base stock or additives, so a single calibration curve suffices for all gasoline samples. The time 
required for an analysis is approximately 15 minutes. Over the range of 0-1 to 1-0 grams of 
manganese per gallon, the average standard deviation varies from 0-003 to 0-007 grams per gallon. 


The PXQ analysis of slags: ‘ironce ANbDERMANN, Applied Research Laboratories, Inc., 
Glendale, Calif. 

The Applied Research Laboratories, Inc. Production X-ray Quantometer (PXQ) has been 

<i for slag analysis. The elements included were iron, manganese, chromium, calcium. 

sphorus, silicon, aluminum and magnesium. Each monochromator was equipped with the 

ost suital slit widths, crystal, and detector. The samples were studied in the powdered as 

quetted form. Precision values were obtained at various concentration levels. 

lute method, it was necessary to plot a family of working curves or obtain 

orrections. Using scattered X-rays as internal standards resulted in improved 

for some elements. The effects of reducing the sample to the same phy sical 


1 methods as fusing and acid digestion were also investigated. 


X-ray absorptiometry: H. A. Liesnarsky, General Electric Research Laboratory, Schenectady, 
N.Y. 
Quantitative X-ray spectrochemical analysis is conveniently subdivided into X-ray absorpti- 
ometry and X-ray emission spectrography. The two fields are closely related. The X-ray 
emission process generally received more attention in discussions of spectrochemical analysis, 


but it is well to remember that this process rests upon X-ray absorption when excitation is by 
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X-rays, and is usually influenced by X-ray absorption even when excitation is by electron 
bombardment. 

Thickness gauging and the determination of film thickness will be reviewed because they 
illustrate the relation between X-ray absorption and X-ray emission. 

Absorptiometry with polychromatic and with monochromatic X-rays will also be reviewed 
with particular emphasis in the latter case upon methods involving the absorption edge. 


Sample preparation techniques for the X-ray fluorescence analysis of non-metallic samples: 

FERNAND CLAISSE, Quebec Department of Mines, Research Laboratories, Quebec, Canada. 

A review is made of the standard methods of quantitative X-ray spectrochemical analysis of 
non-metallic, non-organic samples together with the various sample preparation techniques 
used in each case. 

The effects of the composition and the heterogeneity of the prepared sample on the accuracy 
of the analysis are evaluated, and the limits of application of the techniques are established. 

\ discussion on a relatively new technique of sample preparation (a fusion method) already 
described by the author (Quebec Department of Mines Preliminary Report No. 327) in which 
the above mentioned effects are eliminated or considerably decreased, is also included. From 
that, one deduces a versatile, simple and rapid method which can be used for the analysis of 
most elements in a great variety of compounds. Its accuracy is of the order of 0-2% in the range 
of concentrations from 0 to 100°. 


Internal standard methods in X-ray spectrochemical analysis: [sipore Apier, United States 


Department of the Interior, Geological Survey, Washington 25, D.C. 


One of the primary problems in X-ray emission spectrochemical analysis is how to deal with 
the problem of inter-element effects. Many successful procedures have been suggested such as 
the computation methods of SHeRMAN or Brissey, the fusion technique of CLatssE, the solution 
dilution method, the internal standards method, and the use of scattered radiation method as an 
internal standard. 

The usual internal standard method has the longest successful history as a method for 
compensating for inter-element effect and is now widely used for the analysis of both powders 
and solutions. Internal standards have been shown to compensate for absorption and enhance- 
ment effects except for the special cases where an absorption edge falls between comparison 
lines, or where a very strong emission line falls between the absorption edges responsible for the 
comparison lines. It will also be shown that particle size variations may introduce substantial 
errors even in the internal standard method. 


Progress of the ASTM task group on X-ray spectrochemical analysis: L. 8S. Binks, Task Group 


Leader, U.S. Naval Research Laboratory, Washington 25, D.C. 


The first series of round robin tests conducted by the task group was designed to evaluate the 


wrecision of the X-ray spectrochemical analysis method as affected by four important factors 
| : 


Contributions to the precision in percent were found to be approximately as follows: Reset 


operating conditions of the X ray tube, 0-5 repositioning of the X-ray spectrometer at 


X-ray line peak, 0-594; estimating composition under adverse conditions 9-57 


present (An error of about 4 composition was observed to be rather constant « 


range of composition); precision of mixing powders to a nominal composition, 7° 
the statistical nature of the X-ray process was checked and experiment found 
with theory. 

Plans for the second round-robin on alloy steel specimens will be discussed. 


A comparison of precision for solid, liquid and powdered sampling techniques in the X-ray spectro- 
chemical analysis of high temperature alloys: Sranvey FrrepLanper and ALAN GoLpsBLarr, 
Chicago Spectro Service Laboratory, 2454 W. 38th St., Chicago 32, Ill. 

X-ray fluorescence has been shown to be a random process, so that analytical methods 
using this phenomenon exhibit a precision equal to the theoretical precision bases on counting 
statistics, if optimum conditions prevail. 
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Data obtained from the routine use of a multi-channel X-ray spectrograph will be given to 
demonstrate precision on stainless steel, nickel and cobalt base alloys analyzed as solids, liquids 
and powders, 

The liquid and powder techniques are particularly significant in that they provide inde- 
pendent methods for standardizing complex alloys by use of synthetic standards. 


Electron probe microanalysis of segregation: Kk. M. Fisuer, Edgar C. Bain Laboratory for 
Fundamental Research, United States Steel Corporation, Monroeville, Pa. 


ectron probe method of microanalysis is well suited for studies of segregation in both 
and nonmetallic materials and the advantages as well as the limitations of the techniques 
discussed. Examples will be cited of analyses including cases where no microscopic 

gation was visible. 
spatial resolution and the sensitivity are interrelated and both depend on instrumental 
factors and the nature of the specimen. Under optimum conditions it is possible to observe 0-1, 
variations in alloy content in steels over distances of 2-3 microns. Current attempts at improved 


instrumentation to greatly improve these limits will be outlined. 


Fluorescence and Phosphorescence 


Fluorescence in the 8-hydroxyquinoline family and the m-pi transition: Oresr Porovycn and 
L. B. Rocers, Department of Chemistry and Laboratory for Nuclear Science, Massachusetts 
Institute of Technology, Cambridge 39. Mass. 


8-Hydroxyquinoline and several substituted 8-hydroxyquinolines, which are ordinarily 


luminescent under monochromatic excitation at room temperature, exhibit intense fluore- 


non 
scence in concentrated sulfuric acid. By varying the sulfuric-acid concentration, by resorting to 
other anhydrous media, and by considering the fluorescence of many 8-hydroxy quinoline 
chelates, we have shown that the appearance of fluorescence in 8-hydroxyquinolines is the result 
of tying up the n-electrons on the nitrogen. Theoretically, the above phenomena can be accounted 
for by the existence of an n-pi transition, which disappears once the n-electrons have been 
protonated or have formed a chelate. 


A recording spectrophosphorimeter: . J. Keres, Chemistry Department, Florida State 
I niversity, Tallahassee, Fla. 


The design, operation and use of a new instrument for the detection, measurement and 
recording of phosphorescent emissions will be presented. The equipment is designed primarily 
for the study and concentration evaluation of solutions of unsaturated organic molecules. 
Such emissions can be produced by cooling the solutions to a low temperature and exciting by 
iltra jet radiation. 

The essential parts of the equipment consists of a type A-46 high-pressure water-cooled 

are with grating monochromator to excite the samples; variable speed cylindrical 

ope to isolate the phosphorescent emission from any fluorescent or excitation 

a second grating monochromator to resolve the phosphorescent emission and a 

photon iplier to measure the phosphorescent intensity. Output from the photomultiplier 

can be fed to a photometer for direct readings; or to a recorder for plotting wave length vs 

intensity relationships; or to the y-axis of an oscilloscope where lifetime measurements are 
desired. 


Flame Photometry 


Flame photometric determination of lead and manganese in gasoline: (:ancanp W. Swrru and 
Avron K. Patsy, Ethyl Corporation, Research Laboratories, Detroit, Mich. 
Rapid and accurate flame photometric methods have been developed for determining lead 


and manganese in gasoline. Determinations are accurate within about two per cent of the 


amount present for lead, and within about three per cent for manganese. Approximately 40 


lead determinations or 80 manganese determinations can be made per man-day. 
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In each method, the sample is burned in an oxyhydrogen flame and the emission due to the 
metal is measured. In the lead method, base stock effects are eliminated by using an incremental 
addition of lead for calibration. In the manganese method, these effects are reduced suffi iently 
by diluting the sample at least 20-fold with isooctane. Lead and manganese naphthenates are 
shown to be satisfactory reference materials for analyzing gasolines containing tetraethyllead 
and organomanganese anti-knock additives. 

Studies were made of the variables in each method. Statistical analyses of the effects of the 
important variables are presented. The accuracy of each method is shown to be equivalent to 
that of the most accurate chemical and X-ray methods. 


The role of organic solvents in flame photometry: The Relationship between Enhancement and 
Flame ‘Temperatures. Joun A. Dean and Mary B. Carnes, Department of Chemistry, 
University of Tennessee, Knoxville, Tenn. 

The relationship between the energies of excitation of some of the metal elements and their 
enhancement when burned in organic solvents fed into an acetylene-oxygen flame has been 


studied. The apparent flame temperature when 4-methyl-2-pentanone solutions are aspirated 


into the flame was calculated by two different approaches and found to be 3500°K; higher than 
normally obtained in a “dry” acetylene-oxygene flame (3300°K) and considerably higher than 
in a flame fed by an aqueous spray (2800°K). 

To an approximate degree, at least, it is postulated that the logarithm of the enhancement is 
directly proportional to the energy differences of a wet flame and one fed by an organic solvent, 
and to the energy of excitation for the line in emission. Data from these emission lines were 
employed: Mn 403-3; Cu 324-7; Li 323-3, 460-3, 610, 671; Na 330-2 and 818 my; plus a study 
of the 17 strongest emission lines of iron. 


The standard addition technique in flame spectrophotometry: J. E. Beuxe man and 8. 8. Lorp, 

Jr., E. 1. du Pont de Nemours & Company, Inc., Jackson Laboratory. 

The standard addition—lgarithmiec extrapolation technique has been successfully applied 
to flame spectrometric analysis. The use of this method makes possible the determination of 
trace metals in samples without extensive calibration or in standards which have undefined 
matrices. The mathematical theory of the method has been extended to allow the calculation of 
the optimum addition sizes and the magnitude of the extrapolation errors. Normally three 
additions which are equal to, twice, and four times the original amounts are optimum. Under 
these ideal conditions the relative error caused by extrapolation is approximately seven times 
the relative error in the original intensity measurements. Thus, if the errors in the intensity 
measurements are ~ 05%, the error in the analysis will be of the order of 4°%. The utility of the 
method has been demonstrated in the difficult determination of calcium in the presence of 
phosphate and the determination of calcium and sodium in a highly viscous organic liquid. 


The effects of the radiation interference of hydrogen and the alkali elements upon the resonance 
line intensities of the alkali elements in flame photometry: EF. L. Grove, C. W. Scorr and 
Ferris JONES, School of Chemistry, University of Alabama University, Ala. 

The effects of different concentrations of each of the alkali elements and hydrogen, as the 
chlorides in solution, on the intensity of the resonance line for four different concentrations of 
each of the alkali elements were determined. All concentrations were expressed in millimoles 
per liter. 

In each case this effect on the spectral line intensity was the greatest on the lowest con- 
centration and the least on the greatest concentration. In general, lithium produced the least 
effect on the other elements, and the other elements had the least effect on lithium. Hydrogen 
caused suppression, and cesium and rubidium caused the greatest enhancement. Line intensities 
for the alkali elements with large atomic radii were affected the most by the interfering elements. 
The differences between the effects on the concentrations of each element increased with the 
atomic radii and were nearly linear when hydrogen ion in solution was the interfering substance. 


7 5 
311 
f 
a 


Papers to be published in future issues 


B. N. Fieers and R. L. Wittiams: The structures of bromopentaborane and of ethyl pentaborane 
8.J.Cyvix: An approximate method for calculating mean amplitudes of vibration from spectro- 
scopic data—-Il. Application to simple polyatomic molecules 
Lippert, W. LUperR und F. Mo.i: Kiivetten und Lésungsmittel fiir die Messung der Tem 
peraturabhangigkeit von Elektronenspektren 
.. W. Happixk: Determination of the transition probability (reciprocal of lifetime) of excited 
atoms and ions from spectroanalytical data and the importance of lifetime values in spectro- 
chemistry 
M. W. C. Price and G. R. 
the NH, Vibration-rotation band 
D. Karsz and F. G. A. Stone: Infrared spectra of some vinyl and ethyl compounds of 
mercury, cadmium, zine, tin and phosphorus 
M. Hercvies and L. B. Rocers: 
di-hydroxy napthalenes 
H. Jones: Determination of U 


A high-resolution study and analysis of 


Absorption and fluoresence spectra of some mono- and 


0 bond distance in uranyl complexes from their infrared 


. and N. C. ANGELOTT! 
ire 
Leanpri and A. Manorst: The near UV spectra of thionylamines 
. J. Paritcox: A system of initial control for anode 
. STaMMRErCH, K. Kawatand Y. TAVAREs: 
oft « hi mvl hl rice 
. OverenD, J. H. ScHACHTSCHNEIDER, R. W. Rrvenart and B. Crawrorp. Jr: 
and construction of an axial multiple-reflection absorption cell 
R. Lipe, Jr: Microwave spectrum of trimethylarsine 
HaGen und R. Rirscui: Linienbreite bei Stéssen 2. Art 
. Romanp, G. BALLorrert et B. Vopar 


Correlation of the S:H stretching frequency with molecular 


emission in a d are 
Raman spectrum and normal co-ordinate analysis 


The design 


Dosage de | oxygene et de azote dans de séchantillons 
de titane, au moyen d une elincee lhe condensé dans le vide d'un type parti ulier 
Davies and N. H. Sprers: An infra-red study of the structure of the isomeric (so-called) 
hvdroxvureas 
A. Barpocz: Geraet zur Bezeichnung von Spr ktralplatten 
. Morcriio, J. Herranz and M. J. de la Cruz: Intensity and shape of the carbonyl-stretching 
band in the infra-red spectra of aromatic ketones 
. A. Nyvevist and W. J. Ports: 
and related compounds 
P. Scurerper and R. F. Masykowskt1: 
repeatability 
LE! 
violet spectrograms 
. Mever and ©. G. Kocu 
Lorp and C, 


Characteristic infra-red absorption frequencies of thiol esters 
Effect of source damping upon matrix effects and 
rhe calculation of absorption band wavelengths in ‘normal-incidence’ vacuum ultra 


Beitrag zur Losungsspektralanalyse von Oxydeinschliissen in Stahl 
H. SeperRHOLM: Infrared emission spectra of ammonia—oxygen and hydra- 


fiarmnes 

Katon and E. R. 
ot biphenvl 
K. Frevec: Infrared absorption spectra of dilute solid solutions at low temperatures 
N. Kwyrsecey, V. A. and E. E. Conran: 
vibrational bands in alkyl and substituted silanes 
SPreLBperc, W. Parrisn and K. Lowrrzscn: Geometry of the nonfocussing X-ray fluores 
cence spectrograph 
Porpovycu and L. B. Rocers 


transition 


Lippincott: The vibrational spectra and geometrical configuration 


Observations on the silicon—hydrogen 


Fluorescence in the 8-hydroxyquinoline family and the 


. A. Durte and J. Szewezyk: Infrared spectra in the solid state: anomalous hydroxyl-group 
absorption in potassium halide disks 


. J. Cortsu: Analysisof cis- and trans- 1,4 contentsof polyisoprenes by near infrared spectroscopy 
D. S. Goutpen: Infra-red spectroscopy of aqueous solutions 


A. Mituer, G. L. Cartson and W. B. Wuarre: Infrared and Raman spectra of chromyl 
chloride 


M. Bapcer and A. G. Morirz: The C 
polycyclic aromatic hydrocarbons 


H stretching bands of methyl groups attached to 


J. Ports and R. A. Nyquist: Factors affecting the out-of-plane hydrogen deformation 
frequencies in olefins and their derivatives 


312 


4 

A 

J 

VOL. 

J. 

R 

G. 

4 


Spectrochimica Acta, 1959, pp. 313 to 330. Pergamon Press Ltd. Printed in Northern Ireland 


A high-resolution study and analysis of the 
v, NH, vibration-rotation band 


H. M. W. C. Price and G. R. Wiikryson 


Wheatstone Physics Laboratory, King’s College, London, W.C.2 
(Received 3 January 


Abstract The Vy infra-red absorption band of ammonia has been recorded under a resolution 
of 0-1 em~'! and the molecular constants have been derived. The line fr quencies determined 
serve as secondary infra-red standards accurate to within ~—0-02 em™~! over the range 700 to 
1300 em~!, The calculated far infra-red rotational spectrum is also given. 


Introduction 
AMMONIA provides an excellent example of a symmetric top molecule for high 
resolution infra-red studies because its small moments of inertia enable the features 
of its spectrum to be observed in great detail. The v, vibration—rotation band 
was first resolved by SHENG ef al. [1] and later under improved resolution by 
Woop ef al. [2] who, however, did not give an analysis of their spectrum. Detailed 
studies at wavelengths shorter than 6 « have recently been reported by BeNnepicr 


et al. on the vy — v9, + — 2v, and vy, + v, bands and by Garine and 
NIELSEN |4] on the vy, band of ammonia. Recent developments in the production 


of high quality gratings [5] and in an improved detector amplifier system have 
enabled us to achieve a resolution of 0-1 em~! in the 1000 em~! region. We report 
here the measurement and analysis of the vy, band of ammonia for which no 
measurements of comparable accuracy are at present available. The accuracy 
and resolution of the work on this band recently published by Tsusor ef al. [6] is 
very much lower than that reported here. Interest in this band, which is well 
known to all infra-red spectroscopists, centres on the inversion doubling, studied 
for the ground state in the microwave region by CostTarn [7], and the possibility 
of obtaining many different isotopic species containing either 4N or °N and H, D 
or T. MorGawn ef al. [8] have reported the i.r. spectra of nine isotopic species 
containing H,D,T including NHDT. 


Experimental 
Pressures of ammonia of from | to 40 mm were used in a 1-5 m absorption cell, 
under which conditions pressure broadening was reduced to such a low value that 
it did not affect the resolution attainable. The grating spectrometer on which 


the spectra were obtained has been described previously |9]. It has an Ebert 
1} H. Y. Sueno, FE. F. Barker and D. M. Dennison, Phys. Rev. 60, 786 (1941). 
2| D. L. Woop, E. E. Bett and H. H. Nretsen, Proc. Natl. Acad. Sei. U.S. 36, 497 (1950). 
3) W. S. Beneprier, E. K. and E. D. J. Research Natl. Bur. Standards. 61, 123 
(1958): Can J Phys 35, 1235 (1957): J. Chem. Phys 29, S20 (1058) 
J.S. Garine and H. H. Nirevsex, Proc. Natl. Acad. Sei. U.S. 44, 467 (1958). 
D. G. Dew and L. A. Sayer, Proc. Roy. Soc. London A 207, 278 (1951). 
M. Tsupor, T. SHimanovucnt and Mizusnima, Spectrochim. Acta 18, 80 (1958) 
C. C. Costaix, Phys. Rev. 82, 108 (1951) 
H. W. Morean, P. A. Staats and J. H. Gotpstein, European Molec. Spectroscopy Conf. 1957 
M. A. Forp, W. C. Price and G. R. Witkrnson, J. Se7. Instr. 35, 55 (1958 
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A high-resolution study and analysis of the », NH, vibration- rotation band 
optical system which incorporates a 6 in. « 6 in. NPL replica grating with 2500 
lines/in. blazed at 10 « in the first order. A much improved low-frequency thermo 
couple amplifier system used with a high sensitivity Hilger-Schwarz thermocouple 
formed the detecting system. The overall performance of the instrument is 
appreciably better than any previously reported in this part of the spectrum. 
Spectral slit widths of 0-10 cm~! with a signal to noise ratio of 50/1 were possible 
in the region of the grating blaze. A comparison at 5 « with a cooled lead telluride 
cell of high quality showed the thermocouple system to be down by only a factor 
of about 3 in signal to noise ratio. 

Frequency calibration was effected using the accurate and well tested secondary 
standards | 10] listed in Table 3 in the second and third orders of the grating. These 
lines are known to an absolute accuracy of +-0-02 cm~! or better. 

Theory and results 

For non-degenerate vibrational states of non-rigid symmetric molecules, 
neglecting Coriolos interaction terms above the first order, the rotational energy 
levels, in the notation of HERZBERG [11], are given by the term expression, discussed 
by SLtawsky and DENNISON [12] 

F(J, K) BJ (J 1) '— B)K? — D’J*(J — D*K4 
J 0, +1, 

In this expression )” is a measure of the centrifugal distortion due to end over 

end rotation of the molecule, D* a measure of the distortion due to rotation 

about the figure axis, and D’* a measure of the distortion due to interaction 

between these two rotations. 

The selection rules governing changes of the rotational quantum numbers for 
a vibrational transition with the transition moment parallel to the top axis are 

AK (). J 0, +1 for K 40 

AK = 0, J for AK = 0 
from which the following expressions can be derived for the P-, Q- and R-branch 
fine structure: 
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10) M. A. Forp. H. M. Mounp,. W. C. Price and 
11) G. Herzeere, Infra-red 


(12) Z. I. Stawsky and D 
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G. R. Witkinson. To be published elsewhere. 


Van Nostrand (1945) 
Phys. 7, 509 (1939) 
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Thus, excluding terms involving A, the band structure is similar to that of a 
perpendicular band of a linear molecule, but since A < J, each R(J, K) line is 
split into (J 1) and each P(.J. K) line into J components. To determine the 
rotational constants the following difference plots were derived, 

K) — K) 


B, — + J +1) — 


B, — +. Do *K? 


(B, — B,)] 
+ 1)) *— D,*\(2K? 
(B, — B,)) —(D,"*(J 


[D* — D,*\(2K? 
for the latter two of which, as K — 0, J 
PUI. K 1) P(J, K) 
2K 
K R(J, K) 
; 
2A 


B,)| 


B,)) — 2D,"* 


and finally, 
RJ 1K) + + 2(B, B,)J? — 2(D,’ 1)? 
4a(c, —C (B, B,)|K? — 2(D,’ D,’*)K*J? — 2(D,* 


0 


However, in the case of ammonia, a non-rigid, non-planar, oblate symmetric 


top molecule, point group C,,, the simple theory is complicated by the occurrence 
1 


of inversion doubling of the energy levels resulting in a splitting of some 36 em 
in the lines of the vy, fundamental vibration—-rotation band. The », mode involves 
the symmetric deformation of the N—H bonds (Fig. 5). Inversion of the nuclear 
co-ordinates at the centre of mass results in an equilibrium configuration differing 
only isomerically and separated by a potential barrier from the initial configuration. 
The resultant eigen functions contain equal contributions of the wave functions 
corresponding to the two structures. Because of the symmetry of the system, 
one of these solutions is symmetric and one anti-symmetric on inversion. The 
eigen values of the two solutions differ by an amount £jyjy—the inversion splitting 
of the energy levels—and it has been shown that the lower component of the 
inversion doublet corresponds to the vibrational eigen function symmetric on 
inversion and the upper component to the vibrational eigen function anti- 
symmetric on inversion. There, the complete rotational term expression should 
include the term +4£Finy (v, J, A), [3] thus 


FiJ.K BJ (I (Cc kK? Di 1)2 
DIK J(J K? K4 LE iny (v, J, K) 
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where the + sign refers to the upper (a) levels and the — sign to the lower (s) level 
of the inversion doublet (see Fig. 5) and the following vibrational transitions are 


observed: 
0° 1° 


The magnitude of Einy increases approximately exponentially with increase 
of the vibrational quantum number V, [13], and an empirical equation, expressing 
FE}, as a function of J and K has been fitted by Cosrary [7] to the inversion 


spectrum of the ground state of ammonia observed in the microwave region. No 
microwave results are available for the first excited state v, since this is at present 


beyond the range to which microwave techniques have been extended. 

NIELSEN and GARING (private communication) are at present carrying out an 
independent investigation of the ammonia 6, 10 and 16 uw bands and the additional 
information will enable a more thorough investigation of the inversion doubling. 
So for the present investigation Eijny has been absorbed into the vibrational 
term, the effect of which can be seen in Fig. 2 where there is definite deviation 
from linearity at high J and K values. From the curvature it can be seen that the 
inversion doubling in the upper state is strongly dependent on both J and K. 
The method of analysing the data to determine the rotational constants of the 


symmetric and anti-symmetric ground and first excited states was to extrapolate 
the results to zero K and zero J using the combination difference plots previously 
presented. Thus, for example, D,’*s was determined by extrapolating the 
gradient of the lines in Fig. 2 to zero J. D,’s from the gradient of the plot of the 
extrapolated (J, K = 0) components at low J values and #, from its intercept. 
Other examples of combination difference plots are illustrated in Figs. 3 and 4. 

Further selection rules governing the transitions become operative because 
the inversion doublet is resolved, namely only rotational levels of the same overall 


symmetry with respect to inversion and the same overal! species can combine. 
Some interesting line intensity alternations predicted in theory are clearly 
observed. Thus, an account of nuclear statistics, the spin quantum number of 
the identical hydrogen nuclei being 4, only levels of overall symmetry A, and F 
can occur. As a result of combining the vibrational species with the rotational 
species, it is found that for K = 0, J increasing from zero, alternate lower and 
upper components (of species A,) of the inversion doublet do not occur. Therefore, 
as is clear from the spectrum, Fig. | for the transition from the anti-symmetric 


vibrational ground state to the symmetric vibrational upper state, A = 0 does 
not occur for odd values of J, and for the transition from the symmetric ground 
state to the anti-symmetric upper state, A = 0 only oceurs for J odd. This also 


explains the absence of the lines P1l~ in the case of the former transition and 
RO* in the case of the latter. Finally, to explain the alternation of intensity in 
the A-structure of each J-component, Dennison [14] has shown that the weight 
factors for the A- and E-levels of the ammonia molecule in the ground state are 


1/3(27 
1/3(27 


1)(4/? 4] 3) A levels. K 0, 3, 6 
1)\(4/? + 4/) E levels, K 


13) Ref. [11], p. 297 
14 D. M. Di NNISON, Rev. Modern Phys. 3, ORO (1931). 
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For ammonia the spin of the identical nuclei / 4, and the weight factors for 
the A- and £-levels have the ratio 2: | 

A high speed recording of the vy, band, together with the assignments of the 
rotational fine structure, is reproduced in Fig. | and the frequencies (in vacuo) of 
the observed lines in the P- and R-branches are recorded in Table 4. Comparison 
of these results with those kindly forwarded to us prior to publication by NreLsen 


100 200 300 


cu 


+ )-REIK) 


determin transition 
Riz 
and GARING shows an agreement to within 0-02 to 0-03 em. These lines 
extend from 700 em~! to 1300 em~'. one of the most widely used regions of the * - ~~ 
infra-red spectrum and therefore provide valuable secondary standards over this . ne 


range for commercial spectrometers. On account of the wide variation in line 
separation single lines without subsidiary structure, and therefore suitable for 
wavelength calibration, can be distinguished by instruments of modest resolving 
power. These are marked with an asterisk in Tables 4 and 5 

No attempt has previously been made to analyse the fine structure of the 
(-branches of this band. Table | contains the frequencies of the observed fine 


Fable 1. Molecular constants (in em™') for the NH, molecule derived from the 0000 — 0100 


transition 


4351-665 ole O68 O48 ols 
0 0412 , 44-9463 


12685 moors O-O5360 


| (HMMM 
4as 
SO 


mils 


10 
26 
O-OO1L66 
O-OOO1L67 


4 


O-O0005 


< 
at 
PRY 
5 > t 
-025 
TTT 
B 
j 
3 
By Bo 
j 
Li, 
D4 
IK 
D, IR Dy IR D, Dp, 
B Bo 
D, ® D, & Dp & 
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structure. Calculations employing the molecular constants derived above from 
the P- and R-branch structure have enabled tentative assignments to be made of 
some of the Q-structure and these are shown on the recorded spectrum (Fig. | 

However, although reasonable agreement was obtained between the observed and 


ost 
Fig. 5. The rv, mode of vibration of ammonia and the energy level diagram showing the 
inversion splitting in the ground and first excited vibrational states 


= 0°793 cH 


calculated results at low J-values. the deviation at J 6 was approximately ten 
1 


times greater than the expected error of +0-02 to 0-03 cm 
From the calculated values for the band centres, the separation of the inversion 


doublet of the upper state was determined to be 35-59 0-02 em~!, assuming 
the microwave result of 0-793 em~! for that of the ground state [7]. The vibrational 


energy levels are represented diagrammatically in Fig. 5. In ND, the corresponding 
l 


splitting of the energy levels [15] is 3-9 em and 0-053 em 

The N—H and N—D bond lengths for NH, and ND, in their vibrational 
ground states have been computed by Benepicrt ef al. [3] from the values of By 
and C,. Their By, value is close to the one reported here. They find for N—H, 
ly 10173 A and N—D, r, 1-0155 A. BastTIANsEeN [16] has determined the 
corresponding distances using the electron diffraction method and finds N—H, 
ly 1-016 A, and for N—D, r, 1-017 A. However, whilst the two different 
experimental methods measure slightly different “bond distances” the difference 


between the two sets of results is within the degree of accuracy of the observations. 


The rotational spectrum of ammonia 

The frequencies of the lines forming the rotational spectrum of ammonia may 
be calculated by combining the microwave date for the inversion splitting with 
the constants obtained from the vibration—rotation bands. The rotational term 


expression for the ground state levels is 


F(J, K) = BeJ(J +1) + (Co — Bo) K? — Del + 1)? 


TOWNES and A. L. ScHAWLOW VW Spectroscopy pm. 306 MeGraw-H 


16) O. BasTIANsEN, Research Correspondence 9, 1056 


323 


cM 
— is 
> 
's 
+, 
H 
H 
15 
5) 
|| 


H. M. Movin, W. C. Price and G. R. 


where By. Cy. Dy’, Dy’* and D,* are the mean values of the constants obtained 
from the symmetric and anti symmetric components and the Einy applies to 
the anti-svymmetric rotational levels and the Einy to the symmetric levels. The 


selection rules for the rotational transitions are 
AJ 0, AA 0), K J 
The case \/J = 0 corresponds to the pure inversion spectrum and AJ 
the rotational absorption spectrum 
Hence the line frequencies for the rotational spectrum are given by 
1)? — 2D "(J 

J, K) E J 1. A)} 
where the positive sign refers to the s + a transitions and the negative sign to the 
a —»s transitions and £,,. is given by [7] 


and yi)" 7934 em~'. There is the further restriction that, for K = 0, only the 


a@—»s transitions are allowed for ./ 0, 2, 4...., and the s ~a transitions for 
Jj 1 3.5 


The mean values of the rotational constants used in the calculations were 


obtained by averaging the results reported here and those of BENEDICT cf al. [3]. 
The mean values are 
09-0440 
emo! 
Hence 
1)3 O-O0O30267 lA? 
O-3867/exp f(J, K exp f(J 1. 
This expression is considerably more accurate than that of HANSLER and Orrsen 
17} and is in better agreement with their far infra-red experimental data. The 
frequencies of the lines in the rotational spectrum of ammonia for J OtoJ 11 
are given in Table 6. 
Conclusion 
The results for the molecular constants of ammonia reported in this paper 
are more accurate than any previously reported data on the vy, band. Both the 
relative and absolute accuracy of the line positions between 700 em~! and 1300 em™! 
are believed to be within 0-02 cm~', and they therefore provide accurate secon 
dary standards for calibration purposes. A list of well separated lines free from 
subsidiary structure and suitable for use as standards has been picked out. 
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Appendix 


Table 2. Pressure of ammonia gas used in 1-5 m absorption cell 


for various spectral ranges 


Frequency range NH, pressure 


{em *) (mm) 


1280 


2? 


970-820 


S20-785 2 
785-765 5 


165 


Table 3. Calibrating molecule for different regions of 10 1 ammonia band 


Frequency range 


Irder of 2500 


Standard 
) lines/in. grating 


fem 


1280) 


1190 HBr 
1190-1120 2nd 


1120-1010 CoO 2nd 
HC! 3rd 
S00-790 HBr 3rd 
790-750 ROO, BOO, 3rd 
750-700 CO 


Table 4. Observed values of ».4. for the v, band of ammonia 


Transition | — 


RiJ, K) P(t, K) RiJ, K) Pty, K) 


H51-S0* 


1007-55.-* 


971-92* 


992-71 S#2-14. 
992-46 1027-04* 928-21, 


901-71 


1046-42* QOS8-15* 


1013-19 872-58 
2 1012-46 871-74 


1O11-21.* 


M1180 410 
700 20 
on 
15 
J 
0 0 
0 
048-25" 
2 
3 0 
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Table 4 i(contd.) 


lransition 


K JK JK PiJ, K) 


1065-55 SS! ‘01,* 


1084-62 
1054-9: 
1054-2 
1053 
1051 
1049-: 


1076-01 

LOT5-88 37. 1103-42 
1075-22 

1074-17 

1072-64 

LO70-50* 


1067-09* 


1122-13 
1096 
1095 
1093-7 
109] 


1Os6-: 


1140-65 


7 

6o* 
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L1158-95* 
1138-07 762-65 
1137-60 761-93 
1136-75 760-69" 
1135-56 758-95 
1133-95 756-63* 


0 1034-20 853-86 
1034-04 853-59 
2 1033-31 852-75, 
oo! 3 1032-13 851-36* 
4 L030-41* 
ey 5 0 867-96 
» 
867-73 
867-53 
6 0 
- 
847-89 
» 
4 847-38 
5 847-08 VOL. 
. 
195' 
7 0 
2 827-71, 
3 827-50 
826 87, 
6 826-49 
5 0 780-54 
2 1116-93 779-56 807-74 
ina 3 1116-03 778-27 807-47 
4 1114 776-49* 807-14 
5 774-01* 806-73 
6 1110 770-90* 806-27 
7 1107 767-01 805-77 
3 787-56 
787-17 
783-70 
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Table 4 (contd.) 


Transition 


J R(J, K) R(J, K) P(J, K) 


1131-89* 53- 786-18 
1129-27* 785-56 


1126-02,* 45-3: 784-95 


1177-09,* 768-31 
OS 744-5 768-13 
33 767-80 
23 767-38 
76 
87 
48* 
-54* 
90* 
416 


766-24 
765-57 
764-83. 
764-09 


— 


1194-99* 


748-26, 

747-77 

2-41. 747-19 
746-53 

}-29* 745-72 
2-17 744-86 
‘O9 743-99 


‘ 
7§ 
7§ 
‘ 
75 
‘ 


1212-69* 
61 
74, 


02 


oy 


1230-19* 


| 
9 6 
8 
9 
10 0 
1158 
L157 
1156 
1154 
1152 
| 1150 
1147 
1143 
| 1139 
0 — 
OLe 1178-71 7-89 
15 2 1178-30 7-23, 
3 
4 
5 1175-26 
6 1173-60 
7 1171-43* 71 
8 1168-75* 71 
1165-52* 70 
10 1161-48* 
1! 1156-59 
12 0 
l 
2 1198 
3 L197 
5 
6 
7 1192- 
Ss 
9 1186-76* 
10 1183-15* 
12 1173-44 
13 0 - 
2 
3 1217-30 
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Tabk (contd.) 


Transition 


K Ri J, P(J, K) R(J, K) 


1216-50. 
1215-46 
1214-09 


1210-31 
1207-69 
1204-48* 


1200-53* 


1245 
1242 
1239 


| 
1228-7 


1221-68 


16 1281-37 


*Well separated lines suitable for the calibration of instruments of modest resolving power are marked 


with an asterisk 


a 
wes 
3 
J 
13 
5 
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on 
; 
1 
12 
‘ 
K) 
“et 
2 
3 
237 
5 123 
235 
123 
232-3: 
15 
: 1205 
3 
4 
5 
6 
i 
4 12 
53 
l 4 ‘ 
4 15 
12 
- 
5 O1* 
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Table 5. Line frequencies (em~!) of the Q-branch fine structure. When no assignments are 
indicated ‘m’ denotes the prominate lines of the series 


Assignment Assignment 


908-73 Q(13, K) 956-18 
912-38* 956-42 
915-67* 956-85 
916-42 957-33 
918-61* Q(12, K) 957-87 
919-26 958-12 
921-25 958-47 
921- 958-97 
923- Q(11, K) 959-45 
924- 959-66 
924- 960-06 
925-58 960-48 
926- Q(10, K) 960-89 
926-87 961-12 
961-43 
927-7: 961-83 
928- 962-21 
929- 962-41 
929 962-70 


930- 963-02 


931- 963-59 

931°: 963-82 

931- 4 964-48 

932-08 964-63 

932-6: 964-82 

933-02 965-41 

933-8: K) 966-21 
966-40 

934-30 K) 966-70 

934-97 kK) 967-40 

935-21 , K) 967-79 

935-62 kK) 968-03 

935-90 

936- 

937-5 

938-6 

939-2: 


939-49 


930- 3 963-38 


m 
m 
m 
m 
m : 
m 
m 
m 
L . 
7 5 m 
959 
m 
1) 
Q(2, 1) | 
Q(3, 1) 
Q(4, 1) 
Q(5, 1) 
Q(6, 1) 
Q(7, 1) 
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The structures of bromopentaborane and of ethyl pentaborane 


B. Fiecis* and R. L. 


(Received 7 January 1959) 


Abstract—The reaction product from ethylene and pentaborane in the presence of aluminium 
chloride has been examined by infra-red spectroscopy and gas chromatography and has been 
shown to consist of unchanged pentaborane, ethyl pentaborane, together with a small quantity 
of material which is probably methyl pentaborane. 

The ethyl group has been shown to be located at the apical position of the pentaborane 
molecule from a consideration of the infra-red spectra of pentaborane, bromopentaborane and 
ethyl pentaborane, the result being confirmed by the nuclear magnetic resonance spectrum of 
the molecule. 

Introduction 
Tus paper describes the examination of the products formed by the action of 
ethylene and aluminium chloride on pentaborane and the isolation from the 
mixture of pure ethyl pentaborane. The substance was studied by infra-red 
spectroscopy and by its nuclear magnetic resonance spectrum in order to obtain 
information on its structure. Bromopentaborane was also examined since it 
serves as a valuable check on deductions on structure made by spectroscopic 
methods. 

Experimental 
(a) Sources of samples 

The sample of pentaborane was prepared by pyrolysis of diborane; it was 
distilled in vacuo and its infra-red spectrum showed that no other boron hydrides 
were present. Subsequently, samples of pentaborane were recovered by prepara- 
tive gas chromatography from the various ethylation reaction mixtures. These 
were spectroscopically identical with the first specimen. 

Bromopentaborane was a sample prepared by the action of bromine on penta- 
borane [1]. It was a white solid which was purified by sublimation in vacuo to 
give colourless crystals. The gas chromatogram of a carbon tetrachloride solution 
gave only one peak apart from that of the solvent. Elemental analysis showed 
(Found: B, 38:3; H, 5-3; Br, 57-7. Cale. for B;H,Br: B, 38-1; H, 5-7; Br, 
56-3) [1]. 

Pentaborane was reacted with ethylene in the presence of aluminium chloride 
catalyst. The products under different reaction conditions were analysed by gas 
chromatography and since it was found that the same substances were always 
formed, the various reaction products were combined and the constituents sepa- 
rated by preparative gas chromatography. The two chief components isolated 
in this way were pentaborane and ethyl pentaborane. The latter on analysis gave 
(Found: C, 26-9; B, 58-6; H, 14-5. Cale. for C,H,B,H,: C, 26-3; H, 14-4; B, 
59-3) [1]; further evidence for its identity is given below. 


* Sir William Ramsay and Ralph Forster Laboratories, University College, London. 
+ E.R.D.E., Ministry of Supply, Waltham Abbey, Essex. 
1} Buunpecy R. W. and Durrin H. C., National Gas Turbine Establishment. Private communication. 
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(b) Infra-red spectroscopy 

Spectra were measured over the region 2-16 4 with a Grubb—Parsons 8.3A 
double beam spectrometer using a sodium chloride prism, or with a Grubb- Parsons 
G.S.2. double beam grating spectrometer fitted with an N.P.L. 2400 line/in. replica 
grating. The latter provided spectra of high resolution and greater accuracy in 
wavelength. Measurements for the region 14-25 4 were made with a Perkin- 
Elmer 21 double beam spectrometer fitted with a potassium bromide prism. 

Since the substances were unstable in air, they were handled in a vacuum line, 
and solutions for spectroscopic examination were prepared by distilling the carbon 
tetrachloride or carbon disulphide onto the solute in vacuo. The solutions were 
comparatively stable in air and could be transferred to absorption cells with little 
difficulty. Cells for measuring solutions were approximately 0-1 mm thick, while 
those for vapours were 10 cm long. 


(c) Gas chromatogra phy 

Gas chromatograms were measured with a Griffen and George Mark II appara- 
tus at temperatures between 40-60°C, using a katharometer detector. Columns 
were 2 m long and 5 mm internal diameter. Apiezon L grease was used as station 
ary phase, with Johns—Manville C.22 firebrick of 72-85 B.S. mesh size as support. 
The proportion of stationary phase to support was |: 4. Dry hydrogen was used 
as carrier 

It was found that it was possible to use an ordinary hypodermic to inject 
samples on to the column, provided that all the diborane had previously been 
removed from the sample by distillation. 

The preparative gas chromatographic apparatus will be described elsewhere | 2]. 


Nucl ar madn fic resonance spectroscopy 

The spectra ot penta borane and ethy! pent tborane were measured with a 
Varian Associates V.4310C high resolution spectrometer. The ''B spectra were 
obtained at 12 Me/sec, and the proton spectra at 40 Mc/sec in the usual manner 


with a spinning sample. 


The samples of liquid pentaborane and ethyl pentaborane were separated on 


the preparative column and distilled immediately into 5mm diameter Pyrex 
sample tubes. Sufficient material to give a 3cem depth was used, the sample was 


frozen down. and the tube evacuated and sealed off 


Results 

A typical gas chromatogram of the distilled reaction product is shown diagram- 
matically in Fig. 1. Three peaks (2, 3 and 4) were invariably observed, but the first 
peak (1) was only occasionally found, depending on the preliminary distillation. 
It is thought that this first peak was due to diborane, but since it comprised less 
than | per cent of the fraction its identity was not investigated. 

Peak (2) was established as pentaborane by addition of pentaborane to the 
sample whereby the size of the peak was increased. This was subsequently 


‘4 
VVlie 
at 
es 2) To be published later 
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confirmed by isolating the material on a preparative column and showing that its 
infra-red spectrum was identical with that of pure pentaborane [3]. 

The retention volume of peak (4) indicated that it was probably ethyl penta- 
borane. A sample of the synthetic material was therefore mixed with a complex 
reaction product in which it was known that a series of ethylated pentaboranes [2], 
from pentaborane itself to the pentaethyl derivative, occurred, and the chromato- 
gram measured. It was observed that peak (4) appeared on the side of the peak 
due to ethyl pentaborane [2], showing that it might be the isomeric form of this 
substance. 


20 
Time, min 


Fig. 1. Gas chromatogram of pentaborane ethylation product. Temperature 56°C. Rela 
tive retention volumes: pentaborane 0-75, n-hexane 1-00. methyl pentaborane 1-37, ethy! 


pentaborane 3-72 


Subsequently, the substance was isolated in a pure state by preparative gas 
chromatography. The spectrum of its solutions in carbon tetrachloride and carbon 
disulphide is shown in Fig. 2, together with that of peak (3), which was collected 
during the preparation. The identification of this latter substance as methyl! 
pentaborane will be discussed later. Frequencies are listed in Table 1. The corre- 
sponding spectra for pentaborane and bromopentaborane are also shown in Fig. 2. 
and the former agrees closely with that reported by Hrostowski and PIMENTEL 
[3]. It is, however, of interest that by using solutions, the complications of PQR 
envelopes are avoided and the vibrational bands are shown more clearly. For 
example, Hrostowski and Pimenret have incorrectly assigned maxima in the 
vapour spectrum at 882 and 897 c¢m~'! to 'B and !B vibrations. These appear 
to be the P- and R-branches of the "B band centred at 890 em-! (solution 884 
em~'), the °B band underlies the R-branch at 897 em~! and is revealed in solution 
as a shoulder at 894cm~'. Similarly, the eight maxima between 1402 and 1504 
em~' must be accumulations of P-, Q- and R-branches since they reduce to three 
bands in solution. 


(a) Infra-re d spectra of bromope niaborane and ethyl pentaborane 
The structure of pentaborane has been established both by X-ray crystallo 
graphy [4], electron diffraction [5] and microwave studies [6] as having a tetragonal 


pyramid of boron atoms, the symmetry of the molecule being C,,. One hydrogen 


3| Hrosrowsk1 H. J. and Pimenret G. C.,.J. Am. Chem. Sor 76, 99S (1954 

Lirscoms W. N., J. Chem. Phys. 22, 985 (1954 

5| Heppere K., Jones M. E. and Scuomaker V.. J. Am. Chem. Soc 78, 3538 (1951); Proc. Natl. Acad. 
Sei. US. 38, 670 (1952 

6) Hrostowsk: H. J., Myers R. J. and Pimenrer G. C., J. Chem. Phys 20, 518 (1952 
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Table 1. Observed frequencies of pentaborane, bromopentaborane, ethyl pentaborane and 


methyl pentaborane 


B,H,Br B,H,Et B,H,.Me 


2950 vs 2956 s 


2928 ms 2915 ms 
2916s 2903 m.sh 
2870 ms 2871 m 
2836 m 2847 m 
2595 vs 2607 vs 2595 vs 2600 vs 
2439 vw 
2360 w 2370 vw 
2240 w 
2165 w 2151 vw 
2101 w 
1960 w.sh 2000 w 1980 w 
1901 m 1903 w.sh 1905 w.sh 1905 m.sh 
1876 m.sh 
1828 m.sh 1848 ms 1837 ms 1839 ms 
1780 ms 1802 ms 1784 ms 1785 ms 
1725 m 1726 w 1725 w 1730 w.sh 
1693 w 1690 w 1690 vw 
1637 w.sh 1644 w.sh 
1616 m 1613 m 1626 m 1626 m 
1600 w.sh 
1510 m 1502 m 1504 m 
1483 ms 1466 s.sh 
14425 1433 vs 1458 s 1465 ms 
1406 vs 1401 s.sh 1409 s l4l4s 
1381s 1376 vs 1380 vs 
1349 m 1344 m.sh 


(1332 R 


1319 mw 1309 w.sh 1304 m 1313 m 1323Q 
1314 P 

1272 w 1280 vw.sh 1286 m 

1229 vw 

1214 vw 


1199 ms 


1156 s.sh 1227 ms 1256 m 


1142 vs 1208 s 212 P 1224 ms 


1187 w 1166 m 1167 m 


1119 mw w llll w 
1082 mw 1074 w 1082 vw 1076 w 
(1052 R 
1052 ms 1044 ms 1045 


1039 P 


1040 m.sh 
1044 R 
1029 m 1025 m 1031 m 1032 m 1035 Q 
1025 P 
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Table 1.—(Continued) 


B,H,Et B,H,.Me 


985 w 
952 w.sh 957 w 966 m 
V16R 
916s 908 vs 907 vs s 905 Q 
896 
894 s.sh 880 ms S88 m 
S84 vs S61 s S68 m 


S50 ms 
803* m 


795* m 793* ms 795* m 


762* w 
{ 762 R 
755 


697* w 
650 
TOT 
623 s.sh 640 vs 639 VULe 
627 P ] 
613 vs 19 nc 


solution 


Frequencies are for CC], solution. The second set of figures refers to bands in the vapour spectrum 
which show contour 


is attached at each boron apex, while each of the four remaining hydrogen atoms 
is bound to the base of the pyramid in a position equidistant from the two nearest 
boron atoms thereby forming four hydrogen bridge bonds. 

For a molecule of this structure there are thirty-six fundamental modes of 
vibration. It can be shown [7] that these are divided into the following symmetry 
classes with infra-red and Raman activity as indicated. 


Selection rules for a fourteen atom molecule, C,,, symmetry 


No, of 


Class Activity 
fundamentals 


Raman and infra-red 
Inactive 
faman 
Raman 

Raman and infra-red 


Meister A. G., CLEVELAND F. F. and Murray M. J., Am. J. Phys. 11, 239 (1943). 
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It can be seen that sixteen vibrations are active in the infra-red, nine of these 
being doubly degenerate. 

When one of the hydrogens of pentaborane is replaced by another atom such 
as bromine, the substituent can either go to the apex of the pyramid, in which 
vase the symmetry of the molecule remains undisturbed as C’,,, or else to the base 
of the pyramid. In the latter, the symmetry of the molecule is reduced to C, and 
the vibrations of molecule fall into two symmetry classes. 

Selection rules for a fourteen atom molecule, C, symmetry: 


s 


No. of 


Class Activity 
fundamentals 


Raman and infra-red 
Raman and infra-red 


This time, all thirty-six vibrations are active in the infra-red. 
Consequently if the bromine is substituted in the base of pentaborane its 


spectrum should be very much more complicated than that of the parent hydride, 
whereas apical substitution should yield a spectrum not very different from that 
of pentaborane. In fact, the spectra depicted in Fig. 2 are very similar and show 
therefore that apical substitution has occurred. This result is in complete agree- 
ment with that obtained by ScHAEFFER ef al. [8] using nuclear magnetic resonance 


spectroscopy. 
The extra bands in the bromopentaborane spectrum at 755 em~! and 1140 em~! 


can be reasonably well explained on the basis of the introduction of a bromine 


atom into the molecule. 

Thus the band at 750 cm~! can be assigned with some certainty to the B—Br 
stretching vibration. Calculation of this frequency by the use of Gorpy’s rule 
predicts a value of around 700 em~! and the mean frequency from the asymmetric 
B—Br stretch (doubly degenerate) at 856 cm~! and symmetric stretch at 279 em! 


of boron tribromide is about 650 em 
The group of bands at 1140 cm~! are most likely the vibration of the apical 
boron against the plane of the basal boron atoms. Especially since the skeletal 


nature of the vibration is shown by the ratio, 1-013, of the doublet 1156, 1142 
being of the right size for the B, 'B isotopic shift [3]. Normally, this type of 
vibration would not be expected to give rise to very intense infra-red bands but 
the bromine atom would produce a displacement of electrons in the molecule and 
thereby cause a considerable dipole moment change during this vibration. 

To a first approximation, the ethyl and B,H, radicals in ethyl pentaborane 
can be treated spectroscopically as separate units and the spectrum of ethyl penta- 
borane should therefore consist of the sum of absorptions of B,;H, and an ethyl 
group. If the ethyl! group is at the apex of the molecule, then the molecule will 
symmetry especially if there is free rotation about the B—C bond. 


have pseudo 


[8] Scnaerrer R., SHoo_ery J. N. and Jones R., J. Am. Chem. Soc. 80, 2670 (1958). 
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The same arguments concerning the number of active fundamentals will therefore 
apply as in the case of bromopentaborane. 

The spectrum of ethyl pentaborane shown in Fig. 2 bears an even closer resem- 
blance to that of pentaborane than bromopentaborane and it must therefore be 
inferred that the ethyl group is in the apex of the molecule. This result is in 
complete agreement with the nuclear magnetic resonance spectrum which is 
discussed below. Extra hands in the ethyl pentaborane spectrum compared with 
that of pentaborane are found at 2900 (vs), around 1400 (m); 1304, 1286 (m); 1227 
(ms); 1208 (s); 1166 (m); 1044 (ms); 966 (m); and 868, 850 (ms) cm 1, 


n 
resonance 


Fig 3 Nuclear magnetic resonance spectra of pentaborane and ethyl pentaborane 


Most of these can be assigned with some certainty. The 2900 cm 1 group 
represents the various CH, and CH, stretching modes, while the corresponding 
deformation modes are around 1400 em~! and are overlaid by the strong B--- H 
..+B absorption. The doublet 1304, 1286 em~™ is probably the CH, wagging 
mode, while the band at 1205 ¢m 1 is possibly the apical boron vibrating against 
the basal plane. The 1227, 1208 doublet has a ratio 1-016, but is of higher frequency 
than in bromopentaborane because of the lighter mass of the ethyl group. The 
corresponding vibration in methyl pentaborane appears at 1224, 1256 cem~!. The 
1044 em~! band can be assigned as a CH, rocking mode while the band at 966 em™! 
is due to the B—C stretching motion since it is also present in the methyl penta- 
borane spectrum. The medium strong pair of bands at 368, 850 em~' is attributable 
to the C—C stretching mode, and is absent from the spectrum of the methyl 


compound. 


(b) Nuclear magnetic resonance spt ctra 

The nuclear magnetic resonance spectra of pentaborane and ethyl pentaborane 
are shown in Fig. 3. 

The spectra of pentaborane and of a number of halogenated boron hydrides 
including bromopentaborane have already been measured and discussed by 
ScHAaEFFER ef al. 

In the proton resonance spectrum of pentaborane there are six peaks. The 
basal protons give a line which is split into four components, peaks (1), (3), (5) and 
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(6b), by interaction with "B spin of 3/2. Shifted to higher fields is a similar quartet 
(2), (4), (6a) and (7), from the apical proton. The bridge protons are responsible 
for the bulk of the large peak (6c). Taken in order, the ratio of the areas of the 
peaks (1 to 7) should be 4: 1:4: 1:25: 1; this is found to be approximately so. 
The spectrum of bromopentaborane is very similar to pentaborane except that 
the peaks due to the apical proton are now missing, showing that this is the atom 
that has been replaced. The ratio of peaks is now in agreement with the theoretical 
ratio 4:0:4:0; 24:0. 

A similar spectrum is found with ethyl pentaborane. The peaks due to the 
apical hydrogen have disappeared, and have been replaced by one very strong and 
partly resolved band due to the protons of the CH, and CH, groups in the ethy! 


substituent. 

Confirmation of these results comes from a study of the |B resonance spectra. 
In pentaborane there are two pairs of peaks of intensity ratio 4:4:1:1:; the 
first pair is due to the basal borons split by interaction with the proton spin of 1/2. 
The second pair arises from the apical boron, again split by the proton field. When 
substitution in the apex occurs, as in both bromo and ethyl pentaboranes, the 
proton field is removed and the apical doublet collapses to a single peak of double 
the intensity. The ratio of the peaks is now 4:4: 2, as would be expected for 


apical substitution. 


(c) The nature of the minor ethylation substituent, peak (3) 


This material could not be isolated in sufficient quantity either for elemental 
analysis or for nuclear magnetic resonance spectroscopy. However, its infra-red 


spectrum is shown in Fig. 2. 

It is at once evident that the spectrum is very similar to that of ethyl penta- 
borane. The most important difference lies in the 3—4 « region where the intensity 
of the alkyl absorption is about half that of the corresponding band in ethyl! penta- 
borane for the same concentration. This suggests that the number of C—H bonds 
per molecule is half that of ethyl pentaborane, i.e. a methyl group is present. Strong 
support for this view comes from the retention volume of the substances, V’,,, on 
the gas chromatographic column; in this case, the plot of log V, vs. number of 
ethyl groups is linear for the pentaborane series [2]. The retention volume of 


peak (3) lies at a point corresponding to 0-6 ethyl group. 

Another important feature in the spectrum is the contour of the bands at 
1034, 904 and 639 cm~!. These show a strong Q-branch with unresolved P-and 
R-branches as shoulders. Such behaviour is typical of symmetric top molecules, 
though not completely exclusive of other less symmetrical structures. 

The most satisfactory explanation of these observations is that the substance 
is apically substituted methyl pentaborane. It is therefore gratifying to note that 
the spectrum of the crude product, formed by the action of methyl bromide and 
aluminium chloride on pentaborane, contains many bands which are identical 
both in frequency and contour with peak (3). Moreover, the gas chromatogram 
of this reaction product has a strong peak of identical retention volume to 


peak (3). 
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Conclusions 
The infra-red spectra of both bromopentaborane and ethyl pentaborane indi- 
cate that substitution has taken place in the apex of the pentaborane molecule. 


This result is confirmed by a study of their nuclear magnetic resonance spectra. 


A minor constituent formed during the action of ethylene and aluminium chloride 
on pentaborane can be identified as apical methyl pentaborane. 


ledgements Thanks are due to Mr. R. W. National Gas Turbine Establish- 
ment, for samples of bromopentaborane and the crude ethylation product and to Dr. I. Dunstan, 
E.R.D.E., for a second sample of the latter, and also the crude methylation product. 
We also acknowledge the co-operation of Dr. J. E. Pacer, in allowing us to use a Perkin- 
Elmer spectrometer. 
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An approximate method for calculating mean amplitudes of vibration 
from spectroscopic data—II 


Application to simple polyatomic molecules 


8S. J. 
Institute of Theoretical Chemistry, Technical University of Norway, 
Trondheim, Norway 


(Received 21 December 1958) 


The approximate method for calculating mean-square amplitudes of vibration which 


Abstract 


was described in the first article of this series, has been applied to some special cases. The mean- 


square amplitudes have been expressed in terms of the atomic masses and force constants for 


the following molecular structures: (i) linear symmetrical XY,, (ii) linear symmetrical X,Y,, 


(iii) tetrahedral X, and (iv) plane symmetrical XY, molecules. 


Introduction 
In the first article of this series [1] (hereafter referred to as Paper I) an approximate 
method for computing the mean-square amplitudes of vibration in polyatomic 


molecules has been developed. It is an advantage of the method, that in several 


cases the mean-square amplitudes for the considered molecular model may be 


expressed explicitly in terms of the atomic masses and the force constants of the 
molecule. In the present work, this sort of expressions are evaluated for some 
symmetrical molecules including the plane symmetrical XY, molecular model as 


the most complicated case. 

According to equations (16) and (20) of Paper I, the matrices G, GFG, F-! 
and (FGF) are to be evaluated. However, the first term of the mean-square 
amplitude expression is always equal to «(ux + my), where ux and wy denote the 
inverse masses of the adjacent atoms attached to the considered interatomic 
distance [2]. This fact may serve as a good check if the evaluation is performed by 
means of the G matrix. 

The present treatments of the special molecular models are in correspondence 
with the following scheme: (i) setting up the G and F matrices; (ii) determination 
of the corresponding inverse matrices; (iii) performing the matrix multiplications 
GFG and F''G'"'F-'; (iv) expressing the interatomic displacements in terms of 


the chosen internal co-ordinates: and (v) determination of the terms of the mean 


square amplitude formulae. 


Linear symmetrical XY, molecules 
The simple case of linear symmetrical XY, molecules is taken as the first 
illustration of the method, although for this case the rigorous method for small 


harmonic vibrations [3] may also lead to explicit expressions [4]. 


J Cyvin, Spectrochin Acta. 56 (1959) 

2| E. B. Witson, Jr., J. Chem. Phys. 7, 1047 (1939); 9, 76 (1941); Y. Morro, K. Kucurrst 
A. TAKAHASHI and K. Marpa, J. Chem. Phys. 21, 1927 (1953 

Y. Morro, K. Kucurrsu and T. Samanovucni, J. Chem. Phys. 20, 726 (1952) 

S. J. Cyvin, J. Chem. Phys. 30, 337 (1959) 
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Since we are interested in the interatomic displacements to a first approxi 
mation, only the non-degenerate vibrational modes need to be taken into account. 
The evaluation will be worked out in terms of the valence force co-ordinates r,, 74, 
i.e. the deviations from equilibrium for the two X—Y distances. In these co-ordi- 
nates, the G and F matrices are reading* 


k is the force constant for the X—Y stretching and k’ the bond—bond interaction 
constant. The corresponding inverse matrices are easily found to be 


My)/(2ux My) My My /(2uy + My) My 


G 1 


(ux My) My) 
k’)] 
k’) | 


GFG and F''G''F'! matrices are specified as follows, 


bh) 
GFG i; 
a 
4 
Ki (ux uy)* ] (ux + by) ux 
2h( uy + (my + 
[(k? + ny uty) — py + — My) 


ny (uy + wy) + wy) My 


The expression for the mean-square amplitude of the X—Y distance is obtained 
immediately from the diagonal elements of the evaluated matrices. The Y... Y 
interatomic distance deviations are expressed by 


Hence the matrix U, which enters into equation (20) of Paper I is the column 
matrix {1,1} in the present case, and the expressions which enter into the mean- 
square amplitude formula are consequently of the form 2(2 + y). Here x denotes 
the diagonal and y the off-diagonal element of one of the matrices G. GFG. Fo! 
and (FGF)-'. The resulting formulae for the mean-square amplitudes (u*) are 
follows: 
ty) + k’)uy* + (k — k’)(2uy | 

yk(k + k’)-"(k — +- + (k — 
uy 2p(k + k’)uy? + 2y(k + 2d(k kh’)? 


* Throughout this paper the elements beneath the main diagonals of symmetrical matrices will be 
omitted. gx and zy denote the inverse masses of the X and Y atoms, respectively 
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Linear symmetrical X.Y, molecules 

It is profitable to utilize the molecular symmetry when working out the 
expressions in this case, since it is somewhat more complicated than the previous 
one. As before, only the non-degenerate vibrations will be taken into account. 
The inverse kinetic energy matrix and the potential energy matrix in terms of 


Fig. 1. Notation used for the linear symmetrical X,Y, molecule. The symbols denote the 
displacements from the equilibrium distances. Symmetry co-ordinates: 


2-a(r re) 
Symimn. species A, : i 2 
‘ 
Symm. species A,,: Ss 2-a(r, 


symmetry co-ordinates shall be denoted by the German letters 6 and §, respectively. 
The applied symmetry co-ordinates are specified by Fig. 1 with the adherent text. 
In terms of these co-ordinates the energy matrices are reading 


My 2 ux 0 + 7 
2ux 0 # k 0 | 


Hx My J L ky — ky’) 


The potential energy matrix, has been expressed by means of the force constants 
attached to the valence force co-ordinates, not the symmetry co-ordinates. k, is 
the force constant for the X—Y stretching and k’, for the interaction between the 
two X—Y bond stretchings. k, is the force constant for the X—X stretching and 
k’, for the X—-Y and X—X bond interactions. By inversion one obtains 


~ 

My 1/2 ) [Ky K 0 

| | 

@ (Ux + My)/2ux 0 . Ky 0 | 


+ fy) Ks | 


where 

= k,/[(k, + — 2(k.')*] 
Ko = + + — 2(k,')?] 
/[(ky + ky’ — 2(k,')*] 


Ks = — ky’) 


By matrix multiplication it is found 


Cc 07] 


L . 
15 L 
059 
L 
| 
6 FG | h 0 B | 
L Ao) A 
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(ky + + + — 4 My) 
2(k, + ky’ + 2k, — 4h,’) uy? 

2°(ky + + wy) ux 2th uy? + 4 My) uy 
(kK, — ky'\(ux + 
[(ky — ky’ Puy + + ux py) 
+ hy’ — 2k,’ Puy + (ky + + — py) 
+ — (hy + + 2k, — (hy + hy’ py} 

[(hy + — 


A set of four representative interatomic distance deviations is given by 


Let one of the matrices 6, GFG. §. All these 


matrices are of the typical form 


5 


| 
L 


For computing the mean- “square amplitude s according to equation (20) of Paper I, 


the expressions V V. V.9V, and V.9V, are needed, where 


It is found 

2 

V,9V, = H(z, +2.) +y + 2x, 
The mean-square amplitudes may now be evaluated. 

Hy) — + + — 4 My) ux] 

2h ux + — 2(k,")?] + (ky — + py) 
ux x 2aux 2A(k, j i 2k, 4k,') ux? j (ky j 

+ 2k,’ + (k, 4 ky’ Puyl[(k, 4 
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UX = fy) — ux? + — 2h + beaux? — 2k'(ux — py) ux] 
by {[2(k, + + hy — (ky + — + — 
My) + + 2(k, + + (k’2)?(9ux + wy) 
2(k, + kh’, + wy) — uy] (ky + 
(I, k's) + 

uy 2a 2B(k, + + + + 2ke 4k’, (hk, k’,)ke 


+ + wy) + + 4(k, + 
4(k’,)*(4ux + py) — 4(ky + )k’o(2ux + wy) L6k sux 
+ 


2(k’ uy) 


Tetrahedral X, molecules 


The development for this type of molecules turns out to be less complicated 


than the previous case due to the high molecular symmetry. In fact, the treatment 
of tetrahedral X, molecules may also be carried through by the rigorous method. 


Fig. 2. Notation used for the tetrahedral X. molecule. The 8) mbols denot« displaceme nts 
from equilibrium. Symmetry co-ordinates: 


Symm. species A,: 6-t(r, Pe 


Symm. species EB: 


Symm. species F,: 


The symmetry co-ordinates are given by Fig. 2 and the energy matrices may 


be written 


diag My, My. 2ux) 


— diag (K,. K., Ky. Ky, 


Let us assume that the potential field is given by the following force constants: 
k for the bond stretching, k’ for the interaction between a pair of adjacent bonds 


and k” for a pair of opposite bonds. Then we have A, = k + 4h’ +k", Ky 
k — 2k' +k" and K, =k —k". All the matrices to be evaluated are diagonal 


and obtained straightforward. 


— diag (K,'*, X,"*, A,"*, As") 
diag (16K, 4K guy”, ..,.. 
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The X—X displacements may be represented by 


vielding the following result for the mean-square amplitude. 
ux 


x 


The symbols denote the 


etri al rhe ule. 
The equilibrium X—Y distance 


Notation used for the plane symm 
| 
equilibrium distances and angk 
is denoted by R. Svmmetry co-ordinates: 


Fig. 3 

displacements from the 


mm. species 
Is 


S\ 


Plane symmetrical XY, molecules 
In this case only the in-plane vibrations need to be considered. For the intro- 
duction of symmetry co-ordinates, see Fig. 3. In terms of these co-ordinates, the 


energy matrices may be written 


10 
6 + 3 So, Sa, 
an. 
©) 
: VOL. 
15 
195° 
2 
Le Xs) 
3 Rix, 
® 2uy) 0 
2uy) 23 Myx | 
2uty) 
| K, (0) 0 0 0 | 
| 
346 
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If the potential function is given as 2V =k ¥r?+ 2k’ + 
: j 


iJ 
2f’ R? % 2gR ra, + 29'R > (ra; + (ij 1, 2, 3), one has K, 


k + 2k’, Kg =k —k',® =f —f' andl =g —g’. The inverse matrices will for 
brevity be given by specifying the different non-vanishing elements in the following 


way, 
I/uy: 6 (Sux + 2uy)/2(3uxy + wy) 
633 = (34x + 2py)/6(3px 3! ux /2(3ux + py) 


By matrix multiplication one obtains 


[ 0 0 OF A, 00 0 


| 


Kypy* 


a, = + 2uy)? + + (Bux + 

b = aux? + + Quy)? + 33° + ux 

33'(K, + 30)(3ux 2uy)ux + + 2uy)? + 9ux?] 
A, 
A, = [5(3@? + + + — + wy) 

B= + + 2uy) + + wy) 
+ + + + 2uy)] 
(K,@ P2)-2(3ux + wy) 


The interatomic distance deviations are represented by 


’ a-ig » 


If one of the matrices 6, GFG,. F' and (FGF)! is denoted by 


a, ¢ 0 O | A, € 0 0 | 
6 FG 0 BO | 
b | B | 
15 
659 
, 8 0 0 0 
| | | | 
Ze 0 
| 
y 0) 0 | 
Ly 2 | 
| | 
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it is found that the expressions }2, 


used for computing the X—-Y and Y ... Y mean-square amplitudes, respectively. 


‘ } 
gx, and x, + $x, + ty — *z are to be 


The resulting formulae are given below: 
+ 246( K od 
[4(3¢? + T?)(3ux + ux] 
+ py) 
ALK, + 4(K, + 34) + 3'T]uy? 
+ a(K, + + — — Ay 
+ 36)? ux + (AY? + 
+ 36 + + wy) — T?) + py) 


Conclusion 


As a conclusion it may be stated that the general formulae turn out to be 
rather complicated when the considered molecular models are not quite simple. 
But individual molecules of higher complexity may be treated numerically by the 
described method. 
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Determination of the transition probability (reciprocal of lifetime) 
of excited atoms and ions from spectroanalytical data and the 
importance of lifetime values in spectrochemistry 


N. W. H. Appinxk 


Philips Research Laboratories, N.V. Philips’ Gloeilampenfabrieken, Eindhoven, Netherlands 


(Received 5 November 1958) 


Abstract—The purpose of this investigation was to discover why some of the spectral lines used 
in our method of spectrum analysis do not meet the requirements of reproducibility. While 
studying the origin of these lines it was found necessary to calculate their transition probability 
(reciprocal of lifetime), which proved that a relatively long lifetime is responsible for emission 
disturbances (collisions of the second kind). 


Introduction 
THE equilibrium between excited and non-excited atoms in an are discharge is 
yoverned by three antagonistic processes [1]: 
£ 


(1) Absorption-emission of light. 

(2) Formation-destruction of excited atoms through collision with other atoms 
or ions. 

(3) Formation-destruction of excited atoms through collision with electrons. 
Processes 2 and 3 are mainly responsible for the equilibrium. 


The general expression for the intensity, 7, of a spectral line is: 
I = N.Ahy 


where V, = the number of excited atoms (ions) present in the test volume: 
A = transition probability, 1/A = 7’ being the lifetime in seconds;* 
h Planck’s constant 6-6 « 
y = frequency, c/y = / being expressed in em. 


erg-sec; 


The equilibrium between the number of excited atoms .V,, and the total number 
of atoms, V, in the test volume is determined according to Boltzmann by: 


N, Ngfexp (—V_/kT)} L/S 


* The probability, A, that one or more transitions from a certain lev« 
A, , ete., each line originating from this level being governed b 
Exam ple The Al-lines 2575 and 2567 A both originate om the same ley 
Table 1): 7°2567 4 10-* sec; 7°2575 6 li-* sec, the A-values being 25 10’ and 0-16 
10° sec ~'; hence the transition probability of the level concerned is 0-4] * an ts lifetime 2-5 
10? sec 
+ Transitions from levels lying very high in the electron level diagram do not obey Boltzmann’s 
partition law. 


1] Drvuyvesteyn M. J. and pe Groor W. Physica 12, 153 (1932). 
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where g = statistical weight factor of the energy level under examination, g being 
equal to 2J +-1 and J being the internal quantum number (for 
numerical values {2}; 
excitation energy in eV (leV 1-6 « 10>" erg): 
Boltzmann constant ( 1:37 erg/"C); 
absolute temperature in °K (excitation temperature of the are mantle 
is about 4000°K, that of the column 6100°K [12]; 
S g, exp (—V,,/kT the sum of the statistical weight-factors for all 


other energy levels; for the time being S will be taken unity (see, 


however, page 355). 


Combination of equations (1) and (2) gives 
NgAhy exp | (3) 


The spectrograph registers only a fraction of the energy emitted by a given 
number of atoms (g, A. vy and V, are known when the operating conditions have 
been fixed accurately (7 6100°K, also see [6], [7] and [11]). This fraction of 
energy, F,, may be termed “instrumental constant”. 

The spectro-analytical definition of the A-factor for a certain wavelength of an 
element states (see [6] and [11]) that K per cent of 5 mg of the material to be 
analysed will cause the relevant spectral line to have the relative unit intensity 
(J 1). In the present ease this intensity will result in a photographic transmission 
density of 0-07 and cause the effect of self-absorption to be eliminated. Equation 
(3) then becomes 


F NgAhy exp (—V,/kT) (4) 
The number of atoms in K per cent of 5 mg of an element with atomic weight @is 
OOLK 0-005 6 1023 /a 3K 10'%/a (5) 


Not all these atoms travel, however, through the test volume; a number of them 
get lost, being blown sideways during evaporation (it is estimated that the pressure 
at the surface of the evaporating material can easily become a few atmospheres). 
The remaining atoms are carried off in the upgoing gas stream in the are and travel 


through the test volume at a speed of 100 cm/sec (see [3]). 
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Determination of the transition probability of excited atoms and ions 


How large is the number of atoms getting lost? It will be clear that the amount 
blown away which cannot contribute to the emission in the arc, is larger the more 


volatile the substance is. The amount passing through the are is governed by the 


factor 100/s,, where s, is the relative initial velocity of evaporation (see the deriva- 
16 


14} 


“relative sensitivity 


0.4 
2000 3000 4000 


— wavelengths in 


Fig. 1. Reciprocal of relative sensitivity plotted against wavelength 


ing to measurements made by Dixuorr [12 


tion given in Appendix 1). The number of atoms actually excited is therefore 
(see equation (5)) 


N = 3K x x 100/s,; a 3k x 1074/8, x a (6) 


The last correction factor to be introduced is the relative sensitivity of the plate 
(Pres). Fig. 1 shows 1/p,,, plotted against the wavelength (also see |12|). Introduc- 
tion of this factor in equation (6) gives 


N =3K x 1 / Deer. 1074/8 a (7) 
F, can be found from equation (4) with the aid of the data compiled by VAN 
HenostumM and Smit [8] (gA-values of a number of Cd lines). 


Calculation of N for cadmium, using equation (7), s, = 400 and a 112-4 
gives 


Wavelength 
(A) 


3403-6 Di 3°1 
2980-6 10-64 
2868-3 134 
3466-2 1-477 


Calculation of F,, using equation (4) and taking logarithms on both sides: 
log F, = log N + log gA + logh V /kT log ¢ log A log 3 102° 
log N + log gA 26-18 0-833 V, log A + t+ 10-477 (38) 
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gives the following results: 


Wavelength 


" log N log gA 0833 V, log A log F, 
} 


3403-6 9-009 6-09 3-532 S-1174 
9-197 6-75 : 8-301 
27 7-040 6-90 8-006 
3466-2 9-352 6-15 8-129 


Average: 


Equation (8) enables us to caleulate gA, A and 7’ for other transitions: 

log gA 8-167 — log NV + 26-18 +. 0-833V, + log 4 — 8 — 10-477 
15-87 + 0-833V, + log 4—log N (9) 

This equation is true for the excitation in the column (7 = 6100°K); for the 
excitation in the mantle (7 is about 4000°K, see [11]) the factor is 1-25 instead of 
O-S33. 

Equations (7) and (9) are only valid in the case of atom lines. If spark lines are 
considered the sequence of the excitation schedule should be taken into account, as 
described briefly in a short spectrochemical article [{10]). 

The number of ions in the ground state equals «~N, « being determined by 
Sana’s formula converted into numerical values for 7 6100°K (see also Fig. 2): 


log a? = 2-96 — 0-828V, (10) 
Formula (9) for ion excitation then becomes 
log gA 15-87 + 0-833V, + log 24 — log aN (11) 


where |’,, representing the excitation energy of the ion (the energy to bring the ion 
into an excited state), is not equal to the sum of the ionization energy and the 
excitation energy as is explained in [10)). 


Results 


Let us now compare the values of 7’ calculated from equations (9) and (11) with 
those given in the literature (the main source being the manual by C. W. ALLEN [5)]). 


Explanatory notes on Table \ 


The self-absorption in the discharge are is negligible. The intensities of the 
spectral lines measured are so low that under standard conditions (see [6] and [7]) 
the resulting photographic transmission density is 0-07 to 0-1. 

As regards the excitation temperature, the schedule given in [11] is adhered 


to: elements with an ionization potential below 7 eV are excited mainly in the 


mantle of the are (at 4000°K) those with an ionization potential equal to and above 


354 


15 
195° 


8 
1-5 10 
4 240) 10 
1-0 10% 
1-4 10° 
8 
4 


Determination of the transition probability of excited atoms and ions 


7-5 eV in the column (at 6100°K). The ionization of atoms of elements with a V, 
below 7 eV is negligible at 4000°K when compared with the situation at 6100°K. 
This means that all ion lines originate from the column. 

The relative evaporation speed can be influenced by the matrix, especially when 


only traces of the element are present. The influence is, however, less than can be 


expected; the resulting error can be estimated to be a factor 2, or 4 at the 


most. 


1000x1073 


200 

100 

5, 50 

20 


6 7 & 9 Hh 


jonisation potential 


Fig. 2. Degree of ionization at 6100°K according to Sana’s equation plotted against 
ionization potential in electron-volts. 


In the column giving the A-factors the ~ symbol has been used to indicate that 
the percentages concerned are inconstant; the same symbol has been placed in 
front of the corresponding calculated values of 7’. In some cases the K-factor is 
preceded by the < symbol indicating that owing to a relatively large background 
a lower density (intensity) was measured than was actually present, which implies 
that the calculated K-factor is too high. 

Theoretically speaking, the omission of the sum of the statistical weights 
S(equation (2)) is incorrect. This is shown clearly when more complicated spectra 
of elements such as Fe, Ni, etc., are analysed. One of the corrections which must 
consequently be introduced is for the number of levels of the individual elements. 
If, by approximation, this number is taken to be proportional to the square root of 
the number of lines, then the results of calculation will be more in conformity with 


the values found by analyses, as shown in Table 2. 
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Table 


Calculated r+’ 


: Wavelength Number of 7’ given in 
Element 4) 


lines [4] = literature 
Acc. to Table 1 Corrected * 


447 


Co 3453 1607 100 =« 10-8 <50 x 10-8 O-8 x 10-5 
Cr 4254 2277 75 x 10-° 35 x 10-* 1-1 x 10-8 
Fe 3719 4757 460 «x 10-5 130 x 10-8 20 « 10-5 
Mn 1031 1395 1-2 x 10-8 0-7 x 10-8 05 x 10-8 
Ni 3414 1176 60 x 10-8 35 x 10-8 1-1 =x 10-8 
Ti 3349 2136 7 x 10-5 3 x 10-8 0-8 « 10-5 
4 8 


3130 


, (number of Cd-lines) 


number of lines of element in question) 


Discussion 
Although the method for calculating +’ explained so far may cause minor errors, 
it certainly influences the choice of spectral lines for spectrochemical purposes. 
Resonance—intercombination lines and lines of which the V, is higher than 
the V, of the relevant element (two-electron transitions) have a “‘long life’; there 
is great chance that energy transfer can take place by processes other than light 
emission (collisions of the second kind). The presence of other elements which can 
take over the available energy hampers analysis and makes the results incorrect. 
This does not imply that these lines are useless; they may be used provided that 


comparable samples are tested. In addition to the classical conditions for a proper 
choice of lines as given by GERLACH, it seems advisable to consider the lifetime of the 
excited state as well. 

An example may be given here of the calculation of r’ of a spark line, the 
excitation energy of which was chosen to be the sum of V, and V, [10]. This 
method gives for the Ca line 3179 II 


é 


- 


The calculated value was 7’ 0-6 10-5 see, 
the value given in the literature 7’ 0-28 « 10-8 see (see Table 1). 


Appendix 1. 


The relative evaporation speed and the loss of material blown sideways in an arc 


discharge 

When considering these aspects one may assume that after ignition the tem- 
perature of theanoderises gradually to 3500°C in 14-2 min. The rise is not influenced 
by the specific heat, melting heat and evaporation heat of the material to be ana- 
lysed, the amount of material being small in comparison with the amount of carbon 
which burns or evaporates off the graphite electrode in the form of CO and C. 
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Measurements taken in steps make it possible to calculate the evaporation speed 
of the material under analysis, 5 mg of which is placed on the anode. Let us assume 
that 5 mg of a substance evaporates from a solid or liquid surface with an area of 


I1mm*. Let us further assume that immediately above this surface the gas tem- 
perature is 6000°K. 5 mg of the substance in the gaseous state oecupy a volume of 
5 x 200/9 « I/a em’. (a atomic weight) at 0° and 1 atm: at 6000°K the 
volume will be about twenty-five times larger. 


This volume of vaporized material passes through a 1 mm? — 0-0] cm? section 
of the evaporating surface in ¢ sec. Let the gas flow velocity be s, cm/sec, then 


25 x 5 x 200 


t 


s, x 


280-000 
cm/sec 
at 


Table 3 gives some results of the measurements: 


Table 3 


s 


i 


Boiling point 
Material under analysis 


Element 
(7) (cm/sec) 


1390 Te; Cd Te, 220 


Cu 2300 Cu or Cu alloy SU 
Si 2700 Sic 67 
Fe 3000 Fe* 40 
Mo ~3T700 BaMoO4 20 
Th 4400 Tho, 10 


* Depending upon the reactivity towards carbon the oxides evaporate at an 8s, < 60 cm/sec. 


50 


30 


19 — 
1000 2000 3000 4000 
——- boiling point (°C) 


Fig. 3. Relative evaporation speed s, of material placed on anode vs. boiling point 7 of 
material, This relation may be expressed by: log s, 2-04 04417 10 
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Fig. 3 shows that a relation exists between log s, and the boiling point: 
log s 0447 10-4 


which equation makes it possible to determine s, from the boiling point of the 
material under analysis. It should be noticed that in most cases the elements were 
found to have specific speeds of evaporation. The scope of this paper does not 
permit the mentioning of exceptions; quantitative calculations may be carried out 
for those elements so that the results of the spectrochemical analysis may be 
corrected. 

The molecules and atoms evaporating at different initial speeds s, do not all 
pass through the test volume; those which pass through have a constant speed of 
100 cm/sec. Experiments have shown that the number of molecules and atoms 
passing outside the measuring space increases as s, is higher. This loss is compen- 


sated for by the factor 100/s, in equation (6) on page 353. 
Appendix 2 
A survey of transition probabilities A of a number of lines of various elements, 


after having made all corrections including those mentioned on p. 355 is given in 
Table 4. 


Table 4 
4. 
Klement = 1) 1 [5] 
| 1-5 
061 1 5 10 
2575 | 1-7 
2567 | 9.5 
3057 107 
3050 | ~13 10? 
2427 | 2 10? 
Ba 1554 Il 1-1 we 1-1 
$934 II 2-5 107 
S071 1 25 
2348 I ~4 
3130 11 1! Ww? 
Ca $226 | 7 107 20 107 
3934 II 5 15 107 
3968 II 5 1? i4 107 
3179 17 10? 36 10? 
Cd 3261 1 ~17 1 1-6 1 
Co 3453 I 0-2 1? 12 10? 
Cr 1254 1 3 107 
S013 1 15 
II 1! ‘Tig 
2731 1 17 107 
2935 11 Is 10? 
2622 | 2 107 


— 
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Table 4 


(continued) 


Element 


( 10° 


2700 
2785 II 2 108 
2814 I ~7 10° 
2809 | ~ 3 10 
Cu 3247 I 4 10? 10 107 
2978 I ~5 10° 
3719 1 7 10 48 105 
Hg 2536 | 2 107 1-1 107 
K 4044 | l 108 1-9 106 
3446 I 2 10° 4 10° 
Meg 852 I 2 107 46 107 
796 II 60 107 26 107 
2802 II 60 10? 26 107 
2779 I (O-7; 
2936 II 13 107 19 107 
Mn 2798 | 7 10? 
41031 1 14 10? 19 107 
2809 | 5 10% 
2738 I ~h 106 
Na 3302 I 9 10 29 10 
I 4 
Ni 3414 1 0-3 10? 9 107 
Si 2516 1 l 107 6 107 
2881 1-2 9 10? 
Sr 1607 I 3 107 19 107 
1078 II 6 107 13 107 
2931 1 4 10° 
Ti 3349 II 3 10? 13 107 
3242 II 1-8 16 107 
31s! 7 107 


Summary 


Experience with spectral lines used for the spectrochemical analysis of various 


elements has made it desirable to examine the lifetime of the relevant energy levels. 


Since not all lifetime values (r’) could be found in the literature. a method for 


calculating them has been worked out which is based on the av ailability of spectro 


chemical data. When the results obtained by this method showed reasonable 


conformity with the values which were known it became possible to establish the 


relation between lifetime and reproducibility. It turned out that resonance—inter- 


combination lines and lines originating from two-electron transitions both origi 


nating from relatively long lifetime energy levels, are less suitable for spectro 


chemical analyses. Perhaps this restriction in the choice of lines ought to be used in 


conjunction with those given by GerLacu. In an appendix transition probabilities 


of various lines of a number of elements are given. 


The author wishes to thank Prof. Dr. J. A. Smrr and Dr. W. pe Groor for 
their readiness to discuss the subject. 
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Abstract—The infra-red spectra of divinylmercury, ethylvinylmercury, diethylmercury, 
divinylzine, diethylzinc, diethyleadmium, tetraethyltin, tetravinyltin, triethylphosphine 


and triviny lphosphine have been examined in the liquid state over the region from 650-3500 


em”. For each spectrum many of the vibrational frequencies have been assigned. In the 


1100-3000 em™! region the vinyl and the ethyl compounds each show a characteristic band 
pattern which is almost independent of the nature of the metal or metalloid atom bonded to 


the vinyl or to the ethyl groups. 
Introduction 

Eruyt derivatives of metals and metalloids of elements of the main groups of the 
Periodic Classification have long been known, but only comparatively recently 
have vinyl compounds of metals and metalloids been prepared in any number. 
Lack of suitable vinylating reagents has been the chief cause of this situation, 
but recently a number of these reagents have been made. NorMANT [1] prepared 
viny! Grignard, and divinylmercury [2, 3] and divinylzine [4] have been made in 
this laboratory. A new method for preparing sodium vinyl in good yield has also 
been reported [5]. A natural consequence of discovery of these new compounds 
has been the isolation of vinyl derivatives of other elements, e.g. Sn [6, 7], Ge [8], 
B 9], P[10, 11] and Pb 12}. 


Divinylmercury was made in this laboratory several months before we reported 


it in the literature |2, 3]. Delay in reporting divinylmercury occurred because we 
were not obtaining the compound in a pure state. This became evident on examina- 
tion of the infra-red spectra of various samples of divinylmercury prepared on 
different occasions by treating mercury-II chloride with vinylmagnesium bromide. 
These spectra, taken with a liquid-film cell, often differed from each other, but in 
varving degrees. Differences were especially obvious in the 3300-2700 em~! and 
1600-1100 em~! regions of the spectrum. Despite this, all samples analysed well 
(C, H, Hg). and distilled at reproducible temperatures at constant pressure, 
However, although a particular sample of divinylmercury had an infra-red 
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Infra-red spectra of some vinyl and ethyl compounds of mercury, cadmium, zinc, tin and phosphorus 


spectrum differing from another, when the two samples were used to make a 
vinyl derivative of another element, the new compound not only analysed cor- 
rectly, but had a consistent spectrum. Clearly the substance contaminating our 
divinylmercury was not affecting its use as a vinylating agent; nor significantly 


-1 
Wave number, cm 


__2000__ 1500 __1200__ 1000 900 800 750 700 650 


§ 
2 
Cc 
c 


H:CH 
quid filrn 
0-015 mm 


Fig. 1 


affecting its boiling point, or analytical data. Because of this it seemed likely 
that the contaminant of our divinylmercury was the ethyl compound. This idea 
was amply confirmed when a few different spectra were compare -d. For example, 
relative intensities of certain bands, those of 1468, 1430, 1375, 1232 and 1188 
em~', varied in the spectra of the different samples of ‘divinylmere ‘ury’’ prepared. 
On the other hand, in the spectrum of vinylethylmercury (Fjg. 1) these five 
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bands became especially prominent. Furthermore, this same series of bands was 
also prominent in the spectrum of an authentic sample of diethylmercury (Fig. 1). 

Seyrertu [13, 14] has shown that a number of reagents will preferentially 
cleave vinyl groups from vinylethyltin compounds. A similar preferential cleavage 
of vinyl groups accounts for the fact that our impure divinylmercury could give 
pure vinyl compounds of certain other elements. 

Ethyl-group contamination of our divinylmercury arose because the viny] 
bromide* used to make vinyl Grignard contained appreciable quantities of ethy! 
bromide. We have recently reported [4] a method for removing ethyl bromide 
from vinyl bromide, and purified vinyl bromide was used in our preparations of 
divinylmercury [2, 3] and divinylzine [4]. In the infra-red spectrum of pure 
divinyl mereury, the various bands mentioned above (1468-1188 em !) observed 
in the spectra of impure samples vanish, or become very weak (Fig. 1). 

As a consequence of the ethyl contamination of our first samples of divinyl- 
mercury and our use of infra-red spectra to demonstrate this fact, we became 
interested in the spectra of vinyl and ethyl compounds in general. Such spectra 
are of interest for identification purposes, and could conceivably supply informa 
tion about structure and the nature of chemical bonds. The initial treatment of 
spectra reported here frequently involves tentative band assignments which are 
often incomplete. Better data through accumulation of more information on 
similar molecules should lead to complete assignments. In many instances, for a 
particular type of compound the spectra were strikingly similar over the region 
studied, e.g. (CH,:CH),Hg and (CH,:CH),Zn; or (C,H;),Cd and (C,H) ,Zn. 


Experimental 
(a) Pre paration of vinyl and ethyl derivatives of the metals and metalloids 
Using either purified vinyl bromide [4] or the appropriate alkyl halide, the 
/ ‘ 
desired Grignard reagent was prepared and treated with the various metal chlorides 
or metalloid chlorides in tetrahydrofuran solution. Trivinylphosphine was 


repared by treating vinvlmagnesium chloride with phosphorus trichloride [10]. 
pre} 


The various organometal and organometalloid compounds were carefully distilled 
and only the center fractions of the distillates were used in the infra-red work. 


(b) Infra-red spectra 

Infra-red absorption spectra were recorded using a Perkin-Elmer (Model 21) 
double-beam spectrophotometer equipped with NaCl optics, operated at the slit 
program setting of 921. As each spectrum was obtained, it was calibrated using 
known peaks of a polystyrene film, or atmospheric peaks. Absorption frequencies 
reported are to the nearest 5 cm~', the actual deviations varying in magnitude to 
a higher degree at higher wave-numbers. 


* The Matheson Company were the only distributors of vinyl bromide, claiming 99-0 per cent 
minimum purity for their compound. We found, using gas phase chromatography, that most Matheson 
evlinders of vinyl bromi le contained about 20 per cent ethy! bromide. The Matheson Company has 
recently ceased to market vinyl bromide 


(13) D. Seyvrerrn, J. Am. Chem. Soc. 79, 2133 (1957). 
{14| D. Sevrertru, Naturwiss. 44, 34 (1957) 
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All spectra are those of liquid films which were held in a demountable cell 
with silver spacer of 0-015 mm thickness. In the case of air-sensitive compounds 
such as those of phosphorus, zine and cadmium, the cell was loaded under nitrogen 
in a dry box.* In this manner oxidation was reduced to a minimum, but perhaps 
not completely avoided in the case of divinylzine. Partial oxidation of organo- 
zine compounds would result in the appearance of a strong absorption in the 
region 1030-1140 em~!, due to the C—O stretch in either R—Zn—OR or Zn(OR),. 
These compounds are formed when zinc alkyls come into contact with a deficiency 
of oxygen [15]. Owing to its similar, though diminished, reactivity the same 
behavior but to a lesser degree might be expected for diethyleadmium. Absence 
of a strong band in the region 1030-1140 cm! in the infra-red spectrum of diethyl- 
cadmium, and presence of only a weak shoulder at 1025 cm~! in the spectrum of 
diethylzine attests to the fact that oxidation has been held to a minimum for 
these substances. In the case of divinylzinc, however, the whole region 920-1050 
em~! indicates a much greater relative absorption intensity than that observed 
in the spectra of any of the other alkyls or vinyls of the metals. This would arise 
from the absorption of the Zn—O—R and (R—O),Zn systems, in addition to the 
normal bands of that region due to divinylzine alone. This supports tentative 
assignment of the 1035 cm~! band in the spectrum of divinylzine as indicating 
Zn—O—C bonds |16]. As the presence of this absorption did not interfere with 
our main purpose, no attempt was made to see whether this band really belonged 
to divinylzine, or whether it could be eliminated by adopting even greater precau- 
tions in loading the cell. 

Band assignments presented in Tables 1—9 were made by reference to BELLAMY 
[17], to Jones and Sanporry [18] and to NakaGawa [19], and to papers cited by 
these authors. The following abbreviations are used in the Tables. 


Band characteristics and relative intensities 


w weak v very 
m medium sh shoulder 
8s strong b broad 


ec possible combination 
or overtone band 


Scale of relative intensities in percentage transmission 


(%) 

vvw 90-95 m 30-60 

vw 8)5—90 s 0-30 
w 60-85 vs band center off the paper 


Noise level corresponds to about 2 per cent. 


* Professor P. D. Barr err was kind enough to lend us a dry box which could be evacuated and 
then refilled with prepurified nitrogen. This cycle was repeated two or three times so as to eliminate as 
completely as possible all traces of oxygen. 

[15] G. E. Coates, Organometallic Compounds, Methuen, London (1956). 

(16) J. V. Bev, J. Hetster, H. TANNENBAUM and J. GoLpENson, Anal. Chem. 25, 1720 (1953 

[17] L. J. Bectamy, The Infra-red Spectra of ¢ omple r Molecules (2nd. Ed.) Methuen. London (1956). 

[18] R. N. Jones and C. Sannorry, Technique of Organic Chemistry (Edited by A. WEISSBERGER) Vol. 
IX, p. 247. Interscience, New York (1956). 

[19] I. NakaGcawa, Nippon Kagaku Zasshi 77, 602 (1956). 
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H deformations rock = deformation, in-plane, in-phase 
scissor == deformation, in-plane, out-of-phase 
wag = deformation, out-of-plane, in-phase 
twist = deformation, out-of-plane, out-of-phase 
The vibrational frequencies for diethyl- and divinylmercury are listed in 
Tables | and 2. The spectra are shown in Fig. 1. The Raman spectrum of diethyl- 


mercury has been reported [20], and the frequencies are included in Table 1. 
Wave number, cm 


100-3000 2000 __1500__1200 __ 1000 900 8900 750 700 630 


ion 


rT) 


For purposes of further comparing the series of bands characteristic of the 
vinyl group with those characteristic of the ethyl group (vide infra), the spectra 
of ethylvinylmercury and of phenylvinylmercury are also given (Fig. 1). 

The infra-red spectra of diethyl- and divinylzine, and of diethyleadmium are 
shown in Fig. 2. Vibrational frequencies for the zine compounds are listed in 
Tables 3 and 4 respectively. Table 3 lists also the Raman frequencies of diethyl- 
zine [20]. Vibrational frequencies in liquid diethyleadmium are given in Table 5. 

Vibrational frequencies of tetravinyl- and tetraethyltin are recorded in Tables 
6 and 7. The spectra of the tin compounds are given in Fig. 3. 


Gorpata Pat, Proc. Roy. Soc. London A 149, 29 (1935). 
F. Reynoups, R. E. Dessy and H. H. Jarrs&, J. Org. Chem. 23, 1217 (1958). 
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Infra-red spectra of some vinyl and ethyl compounds of mercury, cadmium, zinc, tin and phosphorus 
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Infra-red spectra of some vinyl and ethyl compounds of mercury, cadmium, zinc, tin and phosphorus 


The infra-red spectra of triethyl- and trivinylphosphine in the liquid phase 
are shown in Fig. 4. Table 8 lists the vibrational frequencies of trivinylphosphine. 
The Raman spectrum of triethylphosphine has been reported by BAaupLER and 
GunpLacn [22], and the frequencies are listed in Table 9 together with the 
vibrational frequencies in the infra-red, obtained in this work. 


Discussion 

Band assignments listed in Tables 1—9 should be regarded as tentative, although 
in the region from 3000 em~! to about 1100 em~! they are fairly reliable. As is 
well known, in this region frequencies are due to vibrations of individual groups 
or specific bonds in the molecule, and are more or less independent of the structure 
of the molecule as a whole. This, of course, is borne out by the comprehensive 
assignment correlations that have successfully been made [17, 18] for organic 
molecules of widely varying structure. Below 1200 cm~! spectra arise more from 
skeletal frequencies, and are much more dependent on mass effects and overall 
molecular structure. 


cm™' 3500 3000 2500 1700 1600 1400 1300 1200 1100 


MICRONS 3.0 


4 


ETHYL -CHy CH, \-CHs | Sch, c-cHy 
VINYL CH 
Fig. 5. Summary of the group-characteristic band patterns of ethyl- and vinyl-substituted 
compounds. 

This is fully confirmed by the spectra reported here. Above about 1100 cm’ 
there is a striking similarity in the spectra of Et,Hg, Et,Zn, Et,Cd, Et,Sn and 
Et,P; and in the spectra of (CH,:CH),Hg, (CH,:CH),Zn, (CH,:CH),Sn and 
(CH,:CH),P. The vinyl and the ethyl groups both have their characteristic band 
pattern. These patterns are illustrated in Fig. 5. Small frequency shifts due to 


(22) M. Baupter and H. Gunptacn, Naturwiss. 42, 152 (1955). 
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1. Vibrational frequencies in liquid diethylmercury 


Raman * 
Relative 
intensity 


2857 
2806 


2942 


Infra-red 
freq. Assignment 


bsh 


m ‘ stretch 


H, rock 


H, rock 
wag 


1305 twist 


1375 deformation symmetrical 
14350 sc 


1460 scissor 
146s H, deformation anti-symm trical 


1605 
1680 
1915 
2155 
2500) 
2560) 
2625 
2710 


2R50 stretch in-phase 

2900 ; stretch symmetrical 
2450 » stretch out-of-phase 
2975 ‘H, stretch anti-sy mmetrical 
3180 wesh 


* See reference [20 


em (em 

140 1D 
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Table 2. Vibrational frequencies in liquid divinylmercury 


Freq.* 


(cm 1) (em!) 


Assignment 


948 


to bs CH, wag 
943 
1010 s 1008 s CH wag 
1165 w 
1250 s 1255 s CH rock 
1400 m 1398 s CH, rock 
1465 w 
1588 w c 
1650 vw Cc 
1740 vw c 


1793 


1890 m overtone 2 943 
J 1955 vw c 
15 2025 w overtone 2 1008 


2260 


2660 vw c 
2805 w c 
msh 


2900 msh 


H, stretch svmmetrical 


2975 ssh 


2980 s 


'H stretch 


S010 


3040 m 


3100 stretch anti-svmmetrical 


3200 


* From reference [21 
+ This work. 
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938 s 
vw c 
. 
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3. Vibrational frequencies in liquid diethylzine 


Raman * 
Relative 


intensity 


Sex 


reterence [ 20), 


Infrared 
freq. 


(com 1) 


Ww 


msh | 


2998 | 


( 


( 
( 
‘H, 


‘Hy 
‘H, 


‘H, 
‘Hy 


Assignment 


stretch 
‘H, rock 


) stretch in ZnOR impurity(?) 


‘H, rock 


wag 


deformation symmetrical 


scissor 


scissor 


deformation anti-symmetrical 


stretch in-phase 


stretch symmetrical 


2 Stretch out-of-phase 


stretch anti-symmetrical 


(em™) 

: 2 

176 2 

255 2 
4176 5 
: 533 l 
579 9 
938 2 
922 w C 
950 m 
990 2 O88 a} 
1025 wsh 
1175 5 1176 w ( 
VC lie 
1225 m 15 
1336 0 195° 
1373 m ( 
. 1403 1 1415 w ( | 
2 1458 l 1465 m 
: 2125 vvw c 
2735 w 
‘ 2825 Ch, 
2850 
370 
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Table 4. Vibrational frequencies in liquid divinylzine 


freq. 


(cm 1) 


952 
990 s 
1035 


1258 


1390 
1458 


1565 
1638 
1905 


1980 
2070 


2240 


2360 
2630 


2900 
2930 
3000 
3100 


Assignment 


CH, wag 
CH wag 
C—O stretch in ZnOR impurity (7%) 


CH rock 


CH, rock 


impurity 
C stretch 
952 


overtone 


overtone 


» 
overtone 2 990 


1035 


CH, stretch symmetrical 
CH stretch 
CH, stretch anti-symmetrical 


= m 
| 
w 
™m 
w 
= m 
vw 
c 
vw Cc 
s 
m 
ao 
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Table 5. Vibrational frequencies in liquid diethyleadmium 


Freq. 
1) 


Assignment 
(cm 


663 
CH, rock 
670 


922 m | 
054 s 


1002 s 


‘ stretch 
‘Hg rock 


1157 s } 


1186 rock 


1226 m 9 wag 
deformation symmetrical 
2 scissor 
deformation anti-symmetrical 


1600 vw 


VOLe 
15 
195° 


2210 w 


2730 w 


2840 ‘CH, stretch in-phase 
CH, stretch symmetrical 


CH, stretch out-of-phase 
3010 CH, stretch anti-symmetrical 


6. Vibrational frequencies in liquid tetravinyltin 


Freq. 
1) 


Assignment 
(cm 


948 vs CH, wag 

1000 vs CH wag 

1248 5s CH rock 

1397 s CH, rock 

1460 w 

1588 w C=C stretch 

1910 m overtone 2 948 

1960 w c 

2010 w overtone 2 1000 

2240 w 

2910 s CH, stretch symmetrical 
CH stretch 
CH, stretch anti-symmetrical 


~ C— 
4 
c 
a 
3125 w 
VW 
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Table 7. Vibrational frequencies in liquid tetraethyltin 


Fre 


(em~?) 


Assignment 


660 
673 


S13 


945 


960 s 
bal | C—C stretch 
we 

| C—CH, rock 
1005 vs 
Vas 


1118 


1188 s C—CH, rock 

1235 m CH, wag 

1257 vwsh 

1380 s CH, deformation symmet rical 
1428 8 CH, scissor 

1465 ssh | | CH, scissor 

1472 vs | | CH, deformation anti-symmetrical 


1600 


1679 vvw c 
1695 vvw c 
vvw 
1905 vvw c 
2150 w c 
2385 vvw c 
2560 vvw c 
2620 vvw c 


2720 vvw c 


2755 


2850 ssh CH, stretch in-phase 


2900 (CH; stretch symmetrical 
to s CH, stretch out-of-phas« 
3005 | CH, stretch anti-symmetrical 


3180 


vs | 
( I » Tot *k 
vs | 
vvw 
) 

@ 
5 
o59 

vvw 

| Vw sh 
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Table 8. Vibrational frequencies in liquid trivinylphosphine 


«|. 


(em 1) 


Assignment 


P—C bond 

('—C twist 

skeletal vibrations 
718 


918 ‘H, wag in-phase 

94S ‘H wag 

‘H, wag out-of-phase 
1020 

1262 ‘H rock 

1392 CH, rock out-of-phase 
1595 stretch 

y overtone 2 
overtone 2 
overtone 2 


2070 CH, stretch svmmetrical 
8005 CH stretch 


S095 CH, stretch anti-symmetrical 


VOLe 
15 
195° 


“4 
663 s 
a ti 

4 3200 vw 
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Table 9. Vibrational frequencies in liquid triethy lphosphine 


Raman* Infrared * 

Assignment 
Freq. Relative freq. 
(em!) intensity (em!) 


249 
278 
306 
333 
368 
410 
619 


669 i 7 skeletal modes 
697 if stre tech 
CHa rock 


‘ stretch 


1243 245 msh | 

1260 

1301 

1350 

1384 : : ‘H, deformation symmetrical 


1425 23 8 , Scissor 


1464 8 ‘H, deformation anti-symmetrical 


2750 
2821 y 2845 : stretch in-phase 
2873 2900 s ‘H, stretch symmetrical 
2896 s to stretch out-of-phase 
2926 2998 s ‘'H, stretch anti-symmetrical 
2963 


* From reference [22). 
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Fig. 6. Infra-red «spectra of divinyl- and diethyl-mercury mixtures 
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mass effects will cause these absorptions to move, but not by such a displacement 
as to disturb the overall pattern. In this laboratory the band patterns (Fig. 5) 
have been used for analytical work. Fig. 6 shows how this has been done for 
mereury—divinyl and —diethy! mixtures. Authentic mixtures of the two mereury 
compounds were made from the pure compounds, and the infra-red spectra of these 
mixtures were taken. Relative band intensities, especially in the 7-9 « region, 


were used to determine the extent of ethyl contamination of various divinyl- 


mercury samples. This infra-red analytical technique has also been used in this 


laboratory to determine whether the vinyl groups in vinyl compounds become 


saturated in certain chemical reactions. 
It is interesting to note that although there is a very significant difference in 
the 3000-1100 em~! region between the spectra of vinyl metal or vinyl metalloid 


compounds on the one hand and their ethyl analogs on the other (Fig. 5), there 


is not a great difference between the spectrum of pure vinyl bromide and the 


spectrum of vinyl bromide which contains as much as 20 per cent ethy! bromide. 


Difference in spectra of vinyl and ethyl groups are much more prominent in organo 


metal and organometalloid compounds than they are in vinyl and ethyl bromide 


because the spectrum of vinyl bromide is perforce taken in the gas phase. In the 


gas phase bands are broadened and, moreover, rotational fine structure becomes 


superimposed on the band envelopes. These factors cause the band of an impurity 


in a mixture to be well camouflaged if the impurity band is located near an 


absorption due to a principal constituent of the mixture. In the spectrum of a 


liquid on the other hand, a small peak due to an impurity often can be seen if it 


is close to a peak due to the major compound. Consequently, except for bands 


near 3000 cm~! the spectrum of pure vinyl bromide resembles that of a grossly 


impure sample remarkably well. This is so because every absorption in ethyl 


bromide save those in the 3000 em~! region is paralleled by one for the vinyl 


bromide, very close by, and usually of greater intensity. Hence a 20 per cent 


impurity of vinyl bromide in ethyl bromide shows up much more prominently than 


does 20 per cent ethyl bromide impurity in the vinyl bromide 


It is interesting to note that a complete analysis of the infra-red spectrum of 


vinyl bromide has recently been reported by GuLLIKsON and NIELSEN [23]. These 


workers used Matheson ‘‘viny! bromide’, and in their paper [23] quote the Mathe 


son claim that the substance was 99 per cent pure. However, GULLIKSON and 


NIELSEN detected some impurity bands although they apparently did not know 


what the impurity was, nor suspect that it was present to such an extent as 


16-20 per cent. Bands in the reported [23] spectrum of vinyl bromide at 2990 em~! 
(shoulder), 2583 cm~' and 1451 cm~! are due to ethyl bromide impurity. In 


addition, due to the presence at the same frequency of an absorption of ethy! 
bromide, the band at 3030 em! in the GuLLIKSON and NIELSEN vinyl bromide 


spectrum has an enhanced relative intensity. 
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Abstract——Cheap and easily constructed safety cells are described which can be used for 
absorption and fluorescence measurements over a wide range of temperature. Solvents are 
listed which can be used in these cells for studying the effect of solvents upon electronic spectra 
between 100 and 400°K. 
Einleitung 

Ix den letzten Jahren sind verschiedene Kiivetten fiir die Messung der Tempera- 
turabhangigkeit von Absorptions- und Fluoreszenz-Spektren zum Gebrauch mit 
Spektrometern beschrieben worden [1-11]. Die hier angegebenen Konstruktionen 
zeichnen sich durch ihre Einfachheit und Betriebssicherheit aus und sind deshalb 
auch fiir den laufenden Laboratoriumsbetrieb geeignet. Sie sind das Ergebnis 
einer mehrjahrigen Entwicklung und Erprobung. 

Fiir die Untersuchung der Lésungsmittelabhingigkeit von Absorptions- und 
Fluoreszenz-Spektren bei verschiedenen Temperaturen war es von Interesse, eine 
Anzahl Lésungsmittel aufzufinden, die sich in hinreichend grossen Temperatur- 
bereichen verwenden lassen und fiir die verschiedenartige zwischenmolekulare 
Wechselwirkungsmechanismen charakteristisch sind. Die von uns erprobten 
Lésungsmittel werden im letzten Kapitel angegeben. 


Die Absorptionskiivette 
Die Absorptionskiivette= (Abb. | und 2) ist zum Gebrauch mit dem Spektral- 


photometer der Firma Carl Zeiss, Oberkochen, mit dem Monochromator MQ 4 
konstruiert. Die Kiivette ist so bemessen, dass sie in den Probenwechsler des 


Apparates eingesetzt werden kann, ohne dass dieser abgeindert werden muss. 


Die Messlésung befindet sich in einem horizontalen Zylinder, der durch einen 
Kupferblock hindurchgebohrt ist. Die beiden Stirnflichen werden durch Quarz- 
glas-Platten gebildet, die mit Kupfer-Ringen mit Aussengewinde gegen einen 


* Auszug orgetragen von E. Lirrert auf der Europaischen Molekilspektroskopiker-Tagung 
in Freib 
* Neus resse Agfa Leverkusen 
> Gebrauchsrm ‘ 1.756.898 f. Fa. Carl Zeias, Oberkochen 
Instr. 28, 109 (1951); 30, 274 (1953). 
$320 (1955 


27, 1037 (1956) 
uM. Kolorimetric, Photometri« wktral photometric Abb.46 3.110. Berlin (1955). 
4 d Ports. J. Chem 
10) V. Roperrts, J. Ser. Instr 25 , 294 (1955 
11) V. Zanker, Z. Physik. Chem. Leipric , 225 (1952); 200, 250 (1952). 


3 
Spectrochimica Acta, 1959, pp. 378 to 380, 
4 
4) A. Rev. Sei. Instr. 26. 773 (1955 
5) R. C. Mol. Speet 27 (1958 
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Abb. 1. Die Absorptions-Kiivette in teilweise zerlegtem Zustand. Links im Bild der 

Kupferblock mit den Messkammern, eine Fensterplatte mit Ringschraube und Dichtungs 

ringen herausgenommen und davorgelegt. Rechts das Plexiglas-Gehause mit den Messing 

rahmen und mit den Schlauchen fiir die Trockenluft, die iiber die Ausseren Fenster geblasen 
wird. 
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Abstandsring gepresst werden. Die Dichtung der Messkammer erfolgt durch vier 
Teflon-Ringe von etwa | mm Starke, die sich zu beiden Seiten der beiden Quarz- 
platten befinden. Die Linge des Zylinders und damit die Schichtdicke der Lésung 
kann durch entsprechende Wah! des Abstandsringes zwischen etwa | em und 3 em 
rariiert werden. Alle inneren Kupferflichen sind vergoldet, so dass das Messgut 
nur mit Teflon, Gold und Quarzglas in Beriihrung kommt. Es kénnen daher 
praktisch alle in der Molekiilspektroskopie gebriuchlichen Lésungsmittel verwen- 
det werden. 

Eine zweite, gleichartige Messkammer fiir die Vergleichssubstanz befindet 
sich neben der ersten. Beide Messkammern kénnen von oben her durch je eine 
Bohrung gefillt werden. Nach der Fiillung kénnen die Einfiill6ffnungen durch 
einen Wattestopfen, durch eine Membran oder durch einen Gasballon verschlossen 
werden. Die temperaturbedingten Volumeninderungen der Fliissigkeiten in den 


Messkammern gleichen sich in den Einfiill- Bohrungen aus. 


In den Raum zwischen die beiden Messkammern fiihrt eine dritte vertikale 
Bohrung, die mit dem Lésungsmittel gefiillt wird, in das ein Thermoelement 
eintaucht. Auf diese Weise erfolgt die Temperaturmessung an einer Fliissigkeit, 
die in gleicher Weise wie das Messgut selbst temperiert wird, und nicht etwa am 
Temperiermittel oder am Kupferblock. Das Thermoelement taucht aber nicht in 
eine auch Messkammer, was den Strahlengang beeintrichtigen, den Abschluss der 


Messkammer nach oben erschweren und vor allem das Fortschleppen von Spuren 
einer Probe als Verunreinigung in die nichsten Proben verursachen kénnte. 

Eine vierte und fiinfte vertikale Bohrung fiihren aussen beiderseits an den 
Messkammern vorbei in einen darunterliegenden Hohlraum. Die beiden Boh- 
rungen besitzen am oberen Ende Gewinde, in die mit Asbest umwickelte Metall- 
schliuche* zur Zu- und Abfur des Temperiermittels eingeschraubt werden kénnen. 
Der Hohlraum unter den Messkammern verbindet die beiden Bohrungen mitein- 
ander und besitzt eine grosse Oberfliche, um einen guten Warmeaustausch 
zwischen dem Temperiermittel und dem Kupferblock zu erméglichen. Nach der 
Ausfrisung wurde der Hohlraum mit einer Kupferplatte verstemmt, nicht 


verlétet. 

Die Verwendung des massiven, nur an einer Stelle verstemmten, nirgends 
verléteten oder verschweissten Kupferblocks bedingt nicht nur einen raschen 
Temperaturausgleich, also eine gute Temperierung des Messgutes, sondern auch 
eine hohe Betriebssicherheit. Als Temperiermittel fiir tiefe Temperaturen dient 
nimlich oft fliissige Luft, in der sich bei lingerem Stehenlassen durch Verdampfen 
des Stickstoffs grosse Mengen Sauerstoff anreichern, die bei Beriihrung mit organi- 
schen Substanzen — etwa durch das Aufbrechen von Létstellen oder das Brechen 
von Rohrleitungen — zu Explosionen fiihren kénnen. 

Der Kupferblock ist mit vier Messingschrauben an den Deckel eines Kastens 
aus Plexiglas angeschraubt, so dass er frei in dem Kasten hingt. Um den nétigen 
Luftdruck- und Temperatur-Ausgleich zu erméglichen, trigt der Deckel an seiner 
Unterseite einen | mm starken Filzstreifen, mit dem er auf dem Kasten aufliegt. 


* Lieferquelle: Metallschlauchfabrik Pforzheim. 
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Vier Fiihrungsstifte aus Messing fixieren die Lage des Deckels in Bezug auf den 
Kasten. Plexiglas ist ein schlechter Wirmeleiter. Man kann den Kasten deshalb 
auch dann anfassen, wenn die Kiivette in Betrieb ist. Da der Kasten ausserdem 
durchsichtig ist, kann die Kiivette stets kontrolliert werden. 


Abb. 2. Skizze zu Abb. 1. Masse in mm. Erlauterungen siehe Text. 


Gegeniiber den Fenstern der Messkammern sind in den Plexiglaskasten zwei 
grosse Offnungen geschnitten und mit Quarzglas-Platten verschlossen. Diese 
Platten werden durch kriiftige Plexiglas-Rahmen und kleine Messingschrauben 
gegen den Kasten gepresst. Die Rahmen besitzen Bohrungen, die parallel zu 
den Fensterflichen verlaufen und durch die trockene Luft in leichtem Strom 
aussen iiber die Quarzplatten geblasen werden kann, um das Beschlagen mit 
Luftfeuchtigkeit beim Arbeiten bei tiefen Temperaturen zu vermeiden. 

Als trockene Luft wurde die Druckluft aus der Institutsleitung verwendet, 


die durch gut entstaubten Silicagel in einem Adsorptionsrohr von 130 em Lange 


und 4cm Durchmesser geleitet wurde. Statt dessen kann aber auch der Dampf 
der als Kiihlmittel benutzten fliissigen Luft verwendet werden. Die Luft wird 
durch diinne Gummischliuche und feine Messingréhrchen den Bohrungen im 
Plexiglas-Rahmen zugefiihrt. 

Das Beschlagen der inneren Fensterplatten kann man vermeiden, wenn man 
vor der Messung einige Tropfen fliissige Luft auf den Boden des Kastens gibt. 
Der Dampf der Tropfen verdriingt die urspriingliche feuchte Luft. Die ver- 
bleibende Feuchtigkeit schligt sich nicht auf den Fenstern, sondern auf dem 
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Kupfer als dem kilteren Material nieder. Der Kasten braucht also nicht evakuiert 
zu werden. 

Der obere Rand des Kastens ist verstirkt und ruht auf einem Messingrahmen, 
der durch zwei Schwalbenschwanz-Fiihrungen in einem zweiten Messingrahmen 
horizontal verschiebbar gelagert ist. Die Kiivette kann daher zwischen zwei 
Anschligen derart verschoben werden, dass sich die beiden Messkammern ab- 
wechselnd im Strahlengang befinden. Der zweite Messingrahmen liegt auf dem 
Probenwechsler-Gehiuse des Spektrometers auf. Die Schliuche fiir die Trocken- 
luft werden durch bereits im Probenwechsler-Gehiuse vorhandene Bohrungen 
nach aussen gefiihrt. 

Als Temperiermittel fiir hohe Temperaturen dienen Dekalin oder Tetralin. 
Neuerdings sind von der Firma Réhm und Haas, Darmstadt, besondere Wirme- 
iibertragungsmittel entwickelt worden, die fiir das Arbeiten bei hohen Temperaturen 
bestimmt sind und sich unter anderem durch Geruchsfreiheit und physiologische 
Unbedenklichkeit auszeichnen. Diese Fliissigkeiten werden von einem Umlauf- 
thermostaten durch die Kiivette gepumpt. 

Fiir tiefe Temperaturen bis hinab zu 100°K dient als Temperiermittel der 
Dampf fliissiger Luft, der von einer Ol-Vakuumpumpe mit vorgeschalteter Woulff- 
scher Flasche aus einem Dewar-Gefiss durch die Kiivette hindurchgesaugt wird. 
Mit einem Hahn an der Woulffschen Flasche lisst sich die Sauggeschwindigkeit 
und damit die Kiivetten-Temperatur einstellen. 

Die Temperaturmessung erfolgt mit einem Kupfer-Konstantan Thermoelement. 
Die Drahtenden sind miteinander verschweisst. Die Nebenlotstelle taucht in 
Eiswasser in einem Dewar-Gefiiss. Die Spannung am Thermoelement wird an 
einem Lichtmarken-Millivoltmeter abgelesen, dessen Skala durch die in Tab. | 
angegebenen Fixpunkte fiir Tieftemperaturmessungen in  Kelvin-Graden 
geeicht ist. 


Tabelle 1. Sekundire Fixpunkte fiir die Eichung des Thermoelementes (nach HENNING [12]}) 


Ausschlag Temp. 


Art des Fixpunktes Substanz bzw. Mischung 
(mV) (°K) 


Fp asser 
Fp Tetrachlorkohlenstoff 
Fp Quecksilber 
Fp Monochlorbenzol 

Hydrat 143 g CaCl, 6H,O + 100 g Eis 
Fp Chloroform 

Sbp CO,—Methanol 

Fp Methylenchlorid 
Fp Schwefelkohlenstoff 
Fp Diathylather 
Fp IsoPentan 


Kp Sauerstoff 


HENNING, T'emperaturmessung. Leipzig (1954). 
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L 
15 
959 
0 273,2 
8.9 250.3 
15,4 234,3 
17,3 227,7 
20,0 218,2 
23,6 209.5 
27,7 194,7 
31,9 182,2 ‘ 
38.5 161.4 
39.5 149.8 
49.6 113 
52,8 90) ee 4 
(12) 
|_| 
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Der schwere Kupferblock (1,4 kg) bedingt eine hohe Temperatur-Konstanz. 
Bei 100°K lasst sich die Temperatur noch auf +3 Grad genau einstellen und 
einhalten. Die Kiivette erlaubt Messungen bei jeder beliebigen Zwischentemperatur. 
Fiir die Aufnahme von zwélf Spektren mit je dreissig Messpunkten bei verschie- 
denen Temperaturen zwischen Raumtemperatur und 100°K werden in 3 Stunden 
2.5 bis 3 Liter fliissige Luft verbraucht. 


4 


| 


Abb. 3. Reproduzierbarkeit der Absorptionsmessungen bei 100°K und 40 kK bzw. 250 mu, 


24-10 molare Lésung von Benzol in einer Mischung aus 75 Vol.°,, Methyleyclohexan 
und 25 Vol JsoPentan. Die Vollkreise bezeichnen die erste Messung, die Kreuze die 
zweite Messung. Zwischen beiden Messungen wurde die Kiivette aufgewarmt, geleert, 


gereinigt, getrocknet, zusammengesetzt und aus dem Vorrat der urspringli hen Lésung 
neu gefullt 


Die Messungen sind gut reproduzierbar. Abb. 3 zeigt die Benzol-L,-Bande 
in verdiinnter Lésung in gesittigten Kohlenwasserstoffen bei 100°K. Mit weiter 
abnehmender Wellenlinge ist die Reproduzierbarkeit der Spektren nur noch 
schwer zu erzielen. An den Innen- und Aussen-Flichen der Quarzfenster bilden 
sich kleine, mit blossem Auge zumeist gar nicht wahrnehmbare Eiskristalle, die 
Streulichteffekte bewirken. Zur Vermeidung der Streulichteffekte ist vor allem 
auf gute Trocknung der Lésungsmittel zu achten. Ausserdem beginnen die 


meisten gesittigten organischen Verbindungen in diesem Bereich zu absorbieren. 
Auf diesem Effekt beruht im wesentlichen die Streuung der Messpunkte auf der 
kurzwelligen Seite von Abb. 3. 


Die Fluoreszenzkiivette 


Die Konstruktion der Fluoreszenzkiivette* (Abb. 4) erfolgte nach den Gesicht- 
spunkten, die vorstehend am Beispiel der Absorptionskiivette erlautert worden 
sind. Sie besitzt daher gleichfalls keine Lacke, Kitte, Létstellen, Schweissnihte 
vergoldetem Kupfer sowie 


oder Rohrleitungen und besteht lediglich aus teilweise 


* Gebrauchsmuster Nr.1.768.037 
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aus Quarzglas, Teflon und Plexiglas. Fiir die Konstruktion war ferner die Funktions- 
weise des schon bei friiheren Arbeiten [13] verwendeten automatischen photo- 
elektrischen Spektrometers [14] bestimmend. Dabei handelt es sich um einen 
Apparat mit Prismenmonochromator, Sekundirelektronenvervielfacher, Gleich- 
stromverstirker und Oszillographenanzeige, der ein Fluoreszenzspektrum innerhalb 
weniger Sekunden zu messen gestattet. 


Die Fluoreszenz wird mit zwei Quecksilberdampf-Hochdrucklampen Type Hanau 8 81 
erregt. Das Erregungslicht trifft die Kiivette beiderseits unter einem Winkel von 30° zur 
Normalenrichtung eines Kiivettenfensters. Die Fluoreszenz wird in Richtung dieser Normalen 
gemessen. Die Erregungslinien werden im parallelen Strahlengang zweier Quarzglas-Doppel- 
kondensoren ausgefiltert, die die Lampen im Verhiiltnis 1 : 1 in die Kiivette abbilden. Es wurden 
folgende Filterkombinationen verwendet: 

22.9kK bzw. 436mya: 4mm GG 3 + 3mm BG 12 (Schott) 

27,4 kK bzw. 366 mu: 2mm BG 12 2mm UG 2 (Schott) 

31,9 kK bzw. 313 ma: Imm UG 11 (Schott) + K,CrO,-Lésung. 
Das Produkt aus Konzentration und Schichtdicke der Lésung von K,CrO, in 0,05 n NaOH 
wurde auf 2 - 10~* em.Mol/Liter eingestellt. Um photochemische Zersetzungsreaktionen in der 
Probe hintanzuhalten, kénnen Verschliisse in die Strahlengainge gebracht werden, die das 
Erregungslicht nur wihrend der Messungen freigeben. 

Der fluoreszierende Bereich der Lésung wird mit einer Quarzglas-Linse derart auf den 
Eintrittsspalt des Monochromators abgebildet, dass ein grésstméglicher Intensitéts-Ausschlag 
erzielt wird. Der Einfach-Spiegelmonochromator der Firma Leiss, Berlin, kann wahlweise mit 
einem Kristallquarz- oder Flintglas-Prisma ausgeriistet werden. Es standen ein rotempfind- 
licher und ein blauempfindlicher Sekundirelektronenvervielfacher zur Verfiigung (Maurer Type 
Vp 690 A/e und Vp u.v. 690 I). 


Da das Erregungs- und das Fluoreszenz-Licht durch das gleiche Kiivetten- 
fenster fallen, bendtigt jede Messkammer nur ein Fenster. Im Kupferblock lassen 
sich daher drei Messkammern nach der in Abb. 4 gezeigten Weise anordnen. Sie 
dienen zur Aufnahme der Lésung, des Lésungsmittels und eines Strahlungs- 
standards. Die Lésungsmittel-Zelle dient der Kontrolle auf Streulicht-Effekte 
und auf eine eventuelle Eigenlumineszenz des Lésungsmittels, die temperatur- 
abhingig sein und z.B. als Tieftemperatur-Phosphoreszenz erst bei tiefen Tem- 
peraturen merklich in Erscheinung treten kénnte. Auf das Strahlungsstandard 
wird weiter unten einzugehen sein. Die Messkammern kénnen nacheinander 
durch Schwenken des Kupferblocks um je 120° vor das Spektrometer gebracht 
werden. Drehachse ist dabei die Symmetrieachse des Kupferblocks. Sie steht 
senkrecht auf den Achsen der Strahlenbiindel. 

Die Temperierung erfolgt mittels eines Kupferfingers, der von unten in den 
Kupferblock eingeschraubt ist (Gesamtgewicht 2,35 kg Kupfer) und der in das 
Temperiermittel eintaucht. Eintauchtiefe und Eintauchdauer bestimmen die 
Temperatur in den Messkammern. Unter normalen Betriebsbedingungen wird 
die Kiivette z.B. von 2 Litern fliissiger Luft in 100 Minuten von Raumtemperatur 
auf 100°K abgekihit. Bei gleichmissiger Kiihlung andert sich die Temperatur 
wihrend der kurzen Messzeit von héchstens 6 Sekunden pro Spektrum um weniger 


(13) E. Lirrert und F. Mou., Z. Elektrochem. 58, 718 (1954). 
Th. Férsrer und J. Scnoen. Unverdffentlicht. 
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als 0.2 Grad. Innerhalb dieser Messzeit kann die Temperaturverteilung in den 
Messkammern daher als konstant betrachtet werden. 

Der Kupferblock befindet sich in einem Zylinder, dessen Mantel aus Quarzglas 
und dessen Deckel und Boden aus Plexiglas bestehen. Der Boden ist mit Messing- 
schrauben von unten gegen den Kupferblock geschraubt und besitzt in der Mitte 
eine Offnung fiir den Kihlfinger. Der Deckel besitzt eine kleine Offnung fiir das 
Thermoelement, das in die Messkammer mit dem Lésungsmittel eintauchen soll. 


Masse in mn l uplerblock 63 70 @; (2)-(4) Mess 
er 220 2S S) Quarzglasscheiben 2 40 @; 
chtungsringen; ’>-(14) Einfalléffnungen der Mess 

der 110 SU) Plexiglasplatten 8 100) @: 
Bohrungen fur das Therrmoelement 


seide Plexiglas-Scheiben besitzen auf den einander zugekehrten Seiten eine breite, 

ringformige Nut, in denen der Zylinder mit Spiel sitzt. Dadurch werden thermische 
Spannungen im Gehiuse vermieden. Die Erregungs- und die Fluoreszenz-Licht- 
strahlen treffen nahezu senkrecht auf die Oberfliche des Zylinders, so dass die 
Reflexionsverluste klein gehalten werden. 


Die Kanten des Zylinders werden mit Siliconfett bestrichen, damit méglichst 
wenig Feuchtigkeit wihrend der Messung in das Gehiuse eindringt. Andernfalls 
kénnte sich bei langerem Arbeiten bei tiefen Temperaturen der Wasserdampf der 
eingeschlossenen Luft nicht nur auf dem kaltesten Material, dem Kupfer, sondern 
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auch auf den Quarzglas-Fenstern der Messkammern kondensieren. Das Beschl- 
agen des Zylinders bei Tieftemperaturmessungen wird durch Anblasen mit trockener 
Luft vermieden. 

Bei Kiihlung mit fliissiger Luft hat die Riickwand der Messkammer schliesslich 
eine Temperatur von etwa 100°K, wihrend die Temperatur der von aussen gegen 
den Zylinder geblasenen trockenen Luft etwa 300°K betrigt. Die Temperatur 
fallt also um etwa 200 Grad lings eines Weges von nur etwa 20mm. Dieser 
Temperaturabfall diirfte im wesentlichen in der Luft zwischen dem Zylinder und 
dem Quarzfenster erfolgen. Es ist aber damit zu rechnen, dass auch in der Probe 
ein erhebliches Temperaturgefille auftritt. (Die Wiarmeleitfahigkeit von organi- 
schen Lésungsmitteln ist selbst bei Raumtemperatur nur etwa zehn mal grésser 
als die von Quarz, aber die Schichtdicke (5 mm) ist fiinfmal grésser als die des 
Fensters. ) 

Das Temperaturgefille in den Messkammern kann eine Abhingigkeit des 
Fluoreszenzspektrums der Probe von der Wellenzah! des Erregungslichtes vor- 
tiuschen (Abb. 5). Die riumliche Verteilung der Absorption des Erregungslichtes 
ist durch die Grésse des Extinktionskoeffizienten fiir die betreffende Wellenzahl 
bestimmt. Bei schwacher Absorption des Erregungslichtes stammt die Fluoreszenz 
im Mittel aus riickwiirtigeren, also kilteren Bereichen der Messkammern als bei 
starker Absorption, bei der das Erregunglicht im wesentlichen in unmittelbarer 
Nihe des Kiivettenfensters absorbiert wird. 

Im Beispiel der Abb. 5 hat der molare dekadische Extinktionskoeffizient die 
Werte 4-10' und 0,4- 10* Liter/mol. em bei den Wellenzahlen 22.9 bzw. 27.4 kK 
(22900 bzw. 27400 cm~'), wihrend der Wert fiir 31,9 kK dazwischen liegt. Unter 
Beriicksichtigung des schrigen Einfalls des Erregungslichtes ergibt sich bei 27,4 
kK eine 5 prozentige Absorption bis zur Erreichung der Kiivettenriickwand, aber 
bei 22.9 kK eine 90 prozentige Absorption bereits in der Schicht von 1 mm Dicke 
unmittelbar hinter dem Fenster. Die mit 27,4 kK erregte Fluoreszenz stammt 
also im Mittel aus Bereichen tieferer Temperatur als die mit 22.9 kK erregte 
Fluoreszenz, wihrend die Werte fiir eine Erregung mit 31,9 kK dazwischen liegen. 

Das Temperaturgefille in Richtung auf die Kiivettenriickwand ist umso 
grésser, je rascher gekiihlt wird (Abb. 5(b)) und je tiefer die Messtemperatur ist. 
Die scheinbare Abhingigkeit des Fluoreszenzspektrums vom Erregungslicht ist 
ausserdem umso grésser, je grésser die Abhingigkeit des Fluoreszenzspektrums 
von der Temperatur und je grésser die Breite des Eintrittsspaltes des Mono 
chromators ist (vgl. Abb. 5(a) mit 5(c)). Mit zunehmender Spaltbreite nimmt 
nimlich die Tiefe der Schicht zu, die in den Monochromator abgebildet wird. 

Es empfiehlt sich also, mit geringer Schichtdicke, schmalem Spalt und lang- 
samer Temperierung zu arbeiten und zur Kontrolle mit Licht verschiedener 
Wellenzahl zu erregen. Der Schichtdicke und der Spaltbreite sind untere Grenzen 
durch die oft geringe Fluoreszenzintensitat gesetzt. Der Schichtdicke ist ausserdem 
eine untere Grenze durch die Dicke des Thermoelementes gesetzt. 

Der Aussendurchmesser des verwendeten Schutzrohres zum Thermoelement 
betriigt 3mm. Das Thermoelement konnte daher auch nur um 2 mm in Richtung 
der Fensternormalen verschoben werden. Die Temperaturiinderung von +3 
Grad, die nach Abb. 5 bei 100°K zu erwarten ist, liegt also noch an der Grenze der 


385 


@ 
| 


E. Liprert, W. Liper und F. Moti 


°27*4 
229 


ecere 


150 

T, 

Abb. 5. Spektrale Lage des Fluoreszenzmaximums von 4-Dimethylamino-4’-nitrostilben in 
einer Mischung von JsoButanol mit 5 Vol. %, JsoPentan als Funktion der Temperatur bei 
verschiedener Wellenzahl des Erregungslichtes. Konzentration bei 20°C 293°K; (a) 
1 10-* molar, (b) und (c) 15 10-* molar. Spaltbreite: (a) 1 mm, (b) und (c) 0,5 mm. 
Die Punkte sind zeitlich in der Reihenfolge abnehmender Temperatur gemessen worden. 
Bei den in (b) mit Pfeilen gekennzeichneten Stellen wurde je eine gréssere Menge fliissige 
Luft in das Dewar-Gefass nachgefiillt und die Abkiihlung der Kiivette dadurch plétzlich 
beschleunigt. Gemessen mit Flintglasprisma und einem Sekundarelektronenvervielfacher 

von Maurer Type Vp 690 A/je 


Genauigkeit der Temperaturmessung. Fiir genauere Temperaturmessungen wire 
zweckmissigerweise ein Widerstandsthermometer mit Indiumdraht zu verwenden 
{15}. 

Der durch das Temperaturgefiille in den Messkammern bedingte systematische 
Fehler in der Bestimmung der Wellenzahl des Fluoreszenzmaximums konnte bei 


[15] G. K. Warre und 8. B. Woops, Rev. Sci. Instr. 28, 639 (1957). 
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allen bisher von uns ausgefiihrten Messungen kleiner als der durch die Banden- 
breite und die Ablesgenauigkeit bedingte Fehler von +-0,1 bis 0,2 kK gehalten 
werden. Es ist ausserdem festzustellen, dass die Abhingigkeit des Fluoreszenz- 
spektrums von der Wellenzahl des Erregungslichtes in allen beobachteten Fallen 
durch das Temperaturgefille in der Messkammer erklirt werden kann. 

Eine weitere mégliche Fehlerquelle namentlich fiir Intensitatsmessungen stellt 
die Streuung von Erregungslicht an kondensiertem Wasserdampf dar. Dieser 
Effekt ist gleichfalls temperaturabhingig. Fir Prizisionsmessungen erscheint 
es daher vorteilhaft, die Fluoreszenzspektren bei feststehenden Kiivetten mit 
einem Zweistrahlapparat zu messen und auf das Spektrum einer Standardlésung 
zu beziehen. Uber solche Messungen mithilfe eines Spektralphotometers Perkin- 
Elmer Modell 13 U sowie iiber die Eichung geeigneter fluoreszierender Lésungen 
als Strahlungsstandards soll an anderer Stelle berichtet werden. Es sei aber hier 
darauf hingewiesen, dass die Verwendung von Strahlungsstandards in der genann- 
ten Weise auch die Eliminierung der spektralen Empfindlichkeitsverteilung des 
Apparates und damit die Bestimmung der spektralen Quantenausbeute der 
Fluoreszenz gestattet [16]. Mit der hier beschriebenen Messanordnung erhalt man 
vergleichbare Spektren nur unter den gleichen apparativen Bedingungen. Bei 
allen Messergebnissen ist daher stets die Spaltbreite, das Prismenmaterial und die 
Type des Sekundirelektronenvervielfachers anzugeben. 


Losungsmittel 

Fiir die Untersuchung zwischenmolekularer Wechselwirkungen ist es zweck- 
missig, nur solche Lésungsmittel zu verwenden, die nur eine einzige wesentlich 
wirksame funktionelle Gruppe besitzen. Die Lésungsmittel sollen in grossen 
Temperatur- und Spektral-Bereichen verwendbar sein und ein grosses Lésungs- 
vermoégen fiir die in Betracht kommenden Substanzen besitzen. 

Der Temperaturbereich, in dem sich eine polare Verbindung als Lésungsmittel 
fiir stark polare Verbindungen verwenden lisst, kann durch Beigabe kleiner 
Mengen indifferenter Fliissigkeiten wesentlich erweitert werden (Gefrierpunkt- 
erniedrigung, Siedepunkterhéhung), ohne dass die polaren Lésungsmittelmole- 
kiile merklich aus der Umgebung der gelésten Molekiile verdriingt und die Wech- 
selwirkung merklich erniedrigt wird [13]. Die ““Schwirme’”’ bleiben umso weitge- 
hender erhalten bzw. die Beigabe indifferenter Fliissigkeiten kann umso grésser 
sein, je grésser das Dipolmoment der gelésten Verbindung und je grésser die 


Orientierungspolarisation des polaren Lésungsmittels ist. 

Fiir die Untersuchung zwischenmolekularer Wechselwirkungen ist es zweck- 
miissig, die absorptionsspektroskopischen Messungen durch fluoreszenzspektro- 
skopische Messungen zu erginzen. Von den zu verwendenden Lésungsmitteln ist 
daher zusitzlich zu fordern, dass sie nicht selbst im untersuchten Spektralbereich 
fluoreszieren, die Fluoreszenz der untersuchten Verbindungen nicht léschen und 
weder das Fluoreszenzlicht noch das Erregungslicht absorbieren. 

In Tabelle 2 sind die nach den vorstehend aufgefiihrten Gesichtspunkten 
ausgewihlten und erprobten Lésungsmittel aufgefiihrt. Die Tabelle enthalt die 


[16] E. Lippert, W. NAGELE und ILsE SErBoLD-BLANKENSTEIN, vorgetragen von E. Lippert, 55; Haupt- 
versammlung der Bunsengesellschaft Freiburg 1956 (vgl. Angew. Chem: 68, 495 (1956)). 
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Tabelle 2. Fur absorptions- und fluoreszenzspektroskopische Tieftemperaturmessungen 


erprobte Lésungsmittel. 


Mindestens bis zu T,, bzw. tg hinab bleibt die Lésung glasig 


Nr. der 


Mischung 


n-Butyronitril 
n-Butylehlorid 
n-Butylacetat 
Methanol 
n-Propanol 
Iso Propanol 
TsoButanol 
Didthy lather 
Dibut ylather 
Triathylamin 
Triathylamin 
Methvlieyclohexan 


Zusammensetzung der Mischung 


Mischung Nr. 12 
25°, Mischung Nr. 12 
30° Athanol 


5°, IsoPentan 


25°, Mischung Nr. 12 
10°,, JsoPentan 
15°, JsoPentan 
IsoPentan 


25° 


Tabelle 3. 


Physikalische Konstanten fiir die reinen Substanzen (Diploment 


benzolischer Lésung) 


in 


verdiinnter 


Kp 


Substanz ( 


Dimethylformamid 
n-Butyronitril 
n-Buty Ichlorid 
n-Butylacetat 
Methanol 
Athanol 
n-Propanol 
IsoPropanol 
TsoButanol 
Diathylather 
Dibutylather 
Tridthylamin 
TsoPentan 


Methyleyclohexan 


{1s} 
(D) 


D[17)} 
(20°C) 


61 
111,9 
123 

76.8 

97,8 
114.5 


97 


4,1 

3,57 [19] 
2.0 

1,75 [19] 
1,67 
1,67 
1,66 
1,7 
1,65 
1,28 


36,7 

20,3 [19] 
7,00 
5,01 [19] 

31,2 

25,8 

22,0 

26,0 

18,7 [19] 
4,4 
3,083 [20] 
3,2 
1,84 [19] 
2,0[19) 


89.5 
108 
116.0 

95,4 1,14 [20] 
114,8 0,66 
160 0 

~ 126.6 0 


[19] 


np[ 17] 
(20°C) 


1,4269 
1,3860 [19] 
1,4014 
1,3925 [19] 
1,329 
1,3223 
1.3854 
1.3775 
1,397 [19] 
1.3526 
1,3994 [20] 
1.4003 
1,355 [19] 
1,4253 [19] 
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Temperaturen, bis zu der alle von uns untersuchten Lésungen beim Abkiihlen mit 
Sicherheit noch nicht kristallisiert waren. Alle Lésungsmittel wurden sorgfiltig 
getrocknet und auf eine eventuelle Eigenlumineszenz in den in Betracht kom- 
menden Temperaturbereichen gepriift. Die unpolaren Lésungsmittel wurden von 
polaren Verunreinigungen befreit. Uber die Herkunft und Reinigung im Einzelnen 
wird an anderer Stelle im Zusammenhang mit den erzielten Messergebnissen zu 
berichten sein. Wegen der geringen Reinheit der Lésungsmittel ist es zweck- 
missig, die fiir Intensititsmessungen erforderliche Bestimmung der Temperaturab- 
hingigkeit der Dichte von Fall zu Fall an den Mischungen oder sogar an den 
Messlésungen selbst vorzunehmen, da die Dichte stark von der Zusammensetzung 
der Lésung abhingen kann. 

Am geeignetsten als Lésungsmittel fiir Tieftemperatur-Messungen erwiesen 
sich vor allem die in den Tabellen genannten Butanderivate. Innerhalb homologer 
Reihen aliphatischer Verbindungen existiert die fliissige Phase bei Normaldruck 
bei den Butanderivaten oft in einem besonders grossen und vor allem weit zu 
tiefen Temperaturen hinabreichenden Bereich. Die hohen Siedepunkte erlauben 
eine bequeme Reinigung und Trocknung, die Werte der Dielektrizitatskonstanten 
verteilen sich tiber einen grossen Bereich und das Lésungsvermégen ist im all- 
gemeinen ausreichend. Die Werte der Dielektrizitétskonstanten sind zusammen 
mit anderen physikalischen Daten fiir die reinen Substanzen in Tabelle 3 angegeben, 

Als Lésungsmittel fiir Messungen bei héheren Temperaturen diirften 3-Methyl- 
cyclohexanol (Fp —47, Kp 173) und Dekalin (trans: Fp —43, Kp 196) besonders 
geeignet sein. Soweit die Messungen im wesentlichen auf den sichtbaren Spektral- 
bereich beschrinkt werden kénnen, diirften Propylbenzoat (Fp —52, Kp 331), 
a-Tolunitril (Fp —24, Kp 234), 1,4-Dimethylnaphthalin (Fp - 18, Kp 264°C) 
und andere aromatische Verbindungen geeignet sein. 


Anerkennungen—W ir danken Herrn Professor Dr. Th. Férster fiir wertvolle Diskussionen, 
Herrn Mechanikermeister K. Krxzier fiir die sorgfiltige Herstellung der Kiivetten und der 
Deutschen Forschungsgemeinschaft ebenso wie dem Fonds der Chemischen Industrie fiir 


grossziigige Beihilfen. 
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BOOK REVIEWS 


Trace Analysis. Edited by J. H. Yor and H. J. Kocu, Jr. John Wiley, New York, 1957. 672 pp- 
$12.00. 


Tuts book contains twenty-four papers which were presented at a Symposium on Trace Analysis 
held at the New York Academy of Medicine in 1955. Each paper was written by a “recognized 
leader in his field” and is supplemented by a prepared discussion and pertinent comments from the 
floor at the time of the symposium. The stated purpose of this book is “to aquaint the biologist, 
the physiologist and the chemist ... with the new as well as the established techniques available 
for trace analysis." This objective has been achieved in that most of the recognized techniques 
and methods are covered. However, the misdirected emphasis and cumbersome writing style 
which characterize a few of the chapters detract somewhat from the overall value of the book. 

The chapter on colorimetry is an excellent example of this misdirected emphasis. The 
information presented in this chapter is trivial in nature and the coverage is hardly suitable for 
a reference work of this type. It is interesting to compare the twenty-two pages of superficial 
treatment which comprise this chapter with the excellent and concise treatment of X-ray 
micrography presented in a twenty-four page chapter in a later portion of the book. Similarly, 
the chapters on flame photometry and trace element sensitivity tend to overemphasize certain 
phase s and fail to give a comprehensive coverage ot the subject. 

Certainly the chapter on emission spectroscopy had great potential but unfortunately the 
author failed to develop this to its fullest value. The writing style is profuse and very often diffuse. 
This reviewer also feels that the author was not justified in including a seven page section on a 
“suggested hybrid source” which is based on a dubious theoretical foundation. “‘Suggestions” 
of this type are certainly not appropriate in a reference work. The inclusion of a short supple- 
mentary chapter on the spectrochemical analysis of plants and other biological materials does 
not make up for the inadequacies of the previous chapter. 

These chapters contrast rather drastically with the excellent coverages of such subjects as 
ion exchange, X-ray spectroscopy, and separation, concentration and contamination, to mention 
only a few. The many carefully presented chapte rs in this book should be generally useful to 
anyone interested in trace analysis. However, a few poor chapters have prevented this book 
from completely fulfilling the needs of this increasingly important field. 


R. N. KNISELEY 


Notice 


Aw educational sound and color film on “Infrared Spectroscopy” 
has been produced at Renssalaer Institute under the direction of 
Professor StePpHEN E. Wiserty. The film is approximately 30 
minutes in length. Both the theoretical aspects and instrumental 


principles of infrared spectroscopy are covered in the film. 
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Absorption and fluorescence spectra of some mono- and 
di-hydroxy naphthalenes 


D. M. Hercuves* and L. B. Rogers 
Department of Chemistry and Laboratory for Nuclear Science, 
Massachusetts Institute of Technology, Cambridge 39, Mass. 


(Received 10 July 1958) 


Abstract Absorption and fluorescence spectra associated with near ultra-violet transitions for 
1- and 2-naphthol and 1:3-, 1:4-, 1:5-, 1:6-, 2:3-, 2:6- and 2:7-naphthalenediols have been 
investigated, The intensities of absorption were affected by substitution and, to a first 
approximation, could be correlated with the direction of polarization in the naphthalene ring. 
The spectrum for an ionic species was characteristic of the position from which ionization 
occurred, 

In general, fluorescence spectra paralleled absorption. Excitation studies showed that 
fluorescence arose mainly from the longest wavelength absorption band. 

Excited-state dissociation of all molecular and hemi-ionic species of the diols was found to 
occur, Anomalies in the fluorescence of the 1:6-diol as a function of pH were interpreted as 


ansing from rearrangement of the hemi-ionic species in the excited state. 


Introduction 


THE ultra-violet absorption spectra of 1- and 2-naphthol have been reported in 
many places but only a few absorption spectra have been reported for the diols 
(1, 2, 3, 4]. The most complete study, to date, has been that of DaGuisu [5], who 
reported the ultra-violet absorption for 1- and 2-naphthol, 1:2-, 1:4-, 1:5-, 2:6-, 
and 2:7-naphthalenediols from 2000 A to the visible. 

Many naphthalene derivatives are luminescent, a property attributed to 7 
electron excitation. Fluorescence data for both 1- and 2-naphthol have been 
available for a long time, but phosphorescence data have been recorded only 
recently [6]. On the other hand, the di-hydroxy naphthalenes have received little 
attention and the writers are unaware of any published reference to their lumin 
escence properties. 

In the present study, all of the mono- and di-hydroxy naphthaulenes, except 
possibly the 1:4-isomer, were found to exhibit excited-state dissociation. FOrsTER 
[7, 8] was the first to report this phenomenon on the basis of changes in fluorescence 
intensity with pH that he observed for solutions of hvdroxy- and amino-pyrene 
sulfonic acids. 


* Present address: Department of Chemistry, Lehigh University, Bethlehem, Penna. 


K. Heyws and C. Ketcnu, Z. anal. Chem. 139, 339 (1953). 

H. J. Tueper, Chem. Ber. 86, 1494 (1953 
J. P. Sprvurr, Rec. trav. chim. 68, 309 (1949) 
H. BareEnNDALE and H. R. Harpy, Trens. Faraday Soc. 49, 1140 (1953). 
Dacuisnu, J. Am. Chem. Soc. 72, 4859 (1950) 

G. N. Lewis and M. Kasua, J. Am. Chem. Soc. 66, 2100 (1944). 

T. Forsrer, Z. Elektrochem. 54, 42 (1950 

Th. Forster, Z. Elektrochem 54, 531 (1950) 
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Experimental 


Merck U.S.P. grade was used without further purification to prepare a 
100 p.pom ock solution in 0-1 M sulfuric acid. This solution was stored in a brown bottle in 
the dark. A 3-0 p.p.m., or 2 p.p.m., solution was prepared daily by dilution for use as a reference 
stancar intensity. 
thol, Eastman Kodak White Label material was purified by twice recrystallizing 
ethyl! aleohol after boiling with decolorizing carbon m.p. 95-06 °C, lit. 94-96°C [9)). 
material was dried and stored under vacuum, as were all other compounds, as a 
iwainst air oxidation, 
M stock solution in absolute ethanol was de-aerated with nitrogen and stored in a 
ass bottle under slight nitrogen pressure. Samples were withdrawn by means of a 
prepare dilutions of the order of 10-*M. A similar procedure was used to prepare 


ft both naphthols and all diols. 
thal, Eastman Kodak White Label material was recrystallized four times from 25°, 
ethyl alcohol after boiling with decolorizing carbon (m.p. 122-5-124°C, lit. 121—123°C [9}) 


1:3-Naphthalenediol. Delta Chemical Company (New York) material was recrystallized 


several times by dissolving in water, refluxing with sodium bisulfite, and treating with 
decolorizing carbon. Then 7 g of sodium chloride were added per 100 ml of solution and the 
material was placed in a refrigerator, Crystals formed in 2 or 3 days (m.p. 124-125°C, lit. 
124°C [9)}). The erystals darkened slowly in air. 

When a sample was adsorbed on a chromatographic column of acid-washed alumina and 
eluted with |; L ether-petroleum ether, no evidence of impurity was found, either by absorption 
or fluorescence measurements on different fractions of the eluate. Pre parations of the other diols, 
described below, were tested in the same way and also proved to be chromatographically pure, 

1:4-Naphthalenediol. Eastman Kodak Technical material was recrystallized several times 
by dissolving in 50°, ethanol, refluxing with sodium bisulfite for several hours, and treating 
with decolorizing carbon, Sodium chloride (4 g) was dissolved per 100 ml of solution and the 
material refrigerated for several days. White, needle-like crystals were obtained (m.p. 178 
(decomposes), lit. 176°C [9)). 

1:5-Naphthalenediol. Brothers Chemical Company (Orange, New Jersey) material was 
purified by twice dissolving in hot ethanol, treating with decolorizing carbon, « Vaporating to 
half volume under a nitrogen entrainer and pouring the resulting solution into an equal volume 

n-free water. The crystals formed on cooling were again dissolved in hot 50°, ethanol. 
On cooling, white, needle-like crystals formed (m.p. 261-264 °C, lit. 265 disputed [9}). 
1:6-Naphthalenediol. Eastman Kodak Practical material was purified five times by dissolving 

hot benzene, treating with decolorizing carbon and cooling the solution overnight in a 

ator (m.p. 136-5—-138°C, lit. 137-—-138°C [9}). 

2:3-Naphthalenediol. Delta Chemical Company (New York) material was purified four times 
by dissolving in hot water and decolorizing with activated charcoal (m.p. 161—162°C, lit. 
161-162 91). 

2:6-Naphthalenediol. K and K Laboratories (29-46 Northern Boulevard, Long Island 7. 
New York) material was purified by dissolving in water and treating with decolorizing carbon. 
Crystals were obtained on cooling (m.p. 217-219°C, lit. 218°C [9]). Only one recrystallization 
was made because the stock material was guaranteed 94 per cent pure with 4 per cent inorganic 
material, 

2:7-Naphthalenediol. Matheson, Coleman and Bell Company (East Rutherford, New Jersey) 
material was purified several times by dissolving in hot water, treating the solution with 
decolorizing carbon and allowing it to cool under nitrogen (m.p. 188-189, lit. 190°C [9)). 

Solvents. Pure grade ethy! alcohol, both 95°, and absolute, was obtained from U.S. Industrial 
Chemicals. NSpectro-grade isooctane was obtained from the Phillips Petroleum Company. 

Buffers. Phosphate, acetate and borate buffers, described by Brrrron [10], were used. 


| I. Her_srown (Editor), Dictionary of Organic Compounds. Oxford University Press, New York (1953). 


[10) H. T. 8. Brrrron Hydrogen Ions (3rd Ed.) Vol. I, p. 313. Van Nostrand, New York (1956). 
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Solutions used in the fluorescence. These were adjusted to a given pH using only 0-1 M sodium 
hydroxide or 0-1 M hydrochloric acid because of the quenching of some naphthalenediol 
fluorescence by materials employed as mold-growth preventatives in the above buffer solutions. 
A 1-0 M sodium chloride solution was used to adjust to a constant ionic strength of 0-1. The pH 


of each solution was measured on a Leeds and Northrup 7664 line-operated pH-meter, using a 


glass-calomel electrode system. 


Apparatus and procedure 

Spectrophotofluorometer. The instrument used in the present investigation has been described 
{11}. An RCA 1P28 photomultiplier tube, calibrated by the U.S. Bureau of Standards, was used 
as a detector. To obtain a fluorescence spectrum, exactly 3-00 ml of sample wer« pipetted into 
a fused | em silica cell and the exciting wavelength set on the Bausch and Lomb monochromato1 
(3130 A excitation was used in all cases exc pt where otherwise noted). The entrance slit was 
set between 0-7 and 1-0mm and the sensitivity of the Beckman adjusted using a standard 
solution. The Beckman Spectral Energy Recording attachment (SERA) was then 


quinine 
\ derived spectrum, 


turned on simultaneously with a recorder and the spectrum recorded. 
corrected for phototube response, was manually plotted in terms of quinine equivalents 

To obtain excitation spectra, the wavelength dial of the Beckman DU was set at the apparent 
fluorescence maximum of the compound and the wavelength dial of the Bausch and Lomb 
monochromator set at successive 50 A intervals. A Hanovia High-Pressure Xenon lamp (750 W) 
with a quartz jacket was used to obtain most of the excitation spectra because of its nearly 
linear output from 2500 to 3500 \ {12}. For certain diols the AH-6 mercury are had to be used 
because of its greater intensity. Excitation spectra were corrected for variations in source 
intensity with wavelength. 

Absorption spectra, Absorption spectra were obtained using Beckman DU and Cary Model 
The spectra were not corrected for fluorescence. 


11 spectrophotometers. 
Results 


Absorption spectra 


HIRSHBERG and Jones [13] divided the spectrum of naphthalene into three 


parts, each corresponding to a separate electronic transition. The high frequency 
band in the region of 45,000 cem~! has the greatest intensity and has been 
i-band; the medium intensity band in the 36,000 em~! region has 


designated the 
been called the B-band; and the weakest band near 31,500 cm~!, the C-band. 
HirsHBeErG and Jones attributed the B-band to a transition involving polarization 
of the molecule along the y-axis ('A,, +'B,,): Dac isn [5] suggested that the 
C-band corresponds to polarization along the z-axis ('A,, +1 B,,): 


4 


All of these bands in naphthalene must be due to z-electron excitation and there 
fore it is reasonable that they should appear, slightly displaced, in naphthalene 
derivatives. Jones’ conclusions [14, 15] are consistent with these proposals. 
OHNESORGE and L. B. Rogers, Spectrochim. Acta 14, 27 (1959). 

A. Baum and L. DunkeELMANN, J. Opt. Soc. Am. 40, 782 (1950 
Hirsnperc and R. N. Jones, Can. J. Res. B 27, 437 (1949). 
.N. Jones, Chem. Revs. 41, 353 (1947) 
. N. Jones, J. Am. Chem. Soc. 67, 2127 (1954). 
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Using Platt’s classification of transition types [16] the B-band probably arises 
from a momentum-forbidden transition and would be designated 1A —+'!L,. The 
C-band would be designated 1A —'L, where a and 6 refer to different axes of 
polarization. Stmpson [17] has predicted two bands for naphthalene from modified 
valence-bond considerations. He attributes the B-band to a transition between the 
normal ground state and an excited state represented by a valence-bond combina- 
tion of unstable or “excited” structures. He attributes the C-band to a transition 
between the ground state and an excited state produced by valence-bond combina- 
tion of normal or stable structures. 

McConNewy and Tunnicuirr [18] have investigated the absorption spectra of 
substituted methyl naphthalenes and have concluded that the band is not 
symmetry forbidden. McCiure |19] has postulated a 'B,,, excited state for the 
C-band in naphthalene and with ScuNepp suggested that the low intensity of this 
band is due to B, —B,, mixing. 

Data obtained in the present investigation are consistent with z-axis polariza- 
tion associated with the excited state of the C-band, but in some cases they indicate 
a degree of symmetry forbiddenness. For example, the band is greatly diminished 
for the 1:5- and 2:6-diols which are members of the C,, point group, while the other 
diols belong to (,,. 

Absorption spectra of the diols obtained in the present study, including several 
investigated by Dac isu [5], are presented as plots of absorbance, A vs. frequency, 
fv, in Figs. |, 2. 3 and 4. Spectra attributed to di-ionic species are reported for the 
first time as are the spectra for 1:3- and 1:6-diols in the molecular and hemi-ionie 
forms. The major absorption maxima are tabulated in Table | along with a, the 
molar absorbance values. 

For the ensuing discussion we shall consider that there are only two types of 
substitution on the naphthalene ring: horizontally oriented H, 2, 3, 6 and 7 


positions, and vertically oriented V, 1, 4, 5 and 8 positions. The spectra for diols 
not studied heretofore confirm the observations of DAG isn [5] with regard to the 


qualitative effects of substitution on the positions and intensities of the absorption 
maxima. However, it appears that he missed two important generalizations: 

(1) In H-substituted diols. the relative intensities of the B- and C-bands are a 
function of the symmetry of the molecule. 

(2) The overall form of an ionic spectrum depends upon the position (H or V) 
from which ionization has occurred. 

The appearance of the C-band in a molecular spectrum, separate from the 
B-band, is characteristic of substitution in an H-position [5]. Thus, in l1-naphthol, 
where only V-substitution is found, orly a single band is observed, corresponding 
to the B-band. (Assuming that fluorescence arises from the C-band, excitation 
spectra obtained in the present study indicate that the band is really a composite 
of two bands.) For the diols having only V-substitution (1:5 and 1:4), only a 
single B-band is again observed. However, in 2-naphthol and the H-substituted 
16) J. R. Pratt, J. Opt. Soc. Am. 43, 252 (1953). 

W. T. Smowpson, J. Am. Chem. Soc. 78, 3585 (1956). 

H. M. MeCownnett and D. D. Tuxnicuirr, J. Chem. Phys. 23, 927 (1955). 


D. S. McCiure, J. Chem. Phys. 24, 1 (1956); see also D. S. McCiure and O. Scunepp, ‘bid. 23, 


1583 (1955). 
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\bsorption and fluorescence spectra of some mono- and di-hydroxy naphthalenes 


Table 1. 


(underlined frequencies indicate an inflection point) 


Absorption maxima and molar absorbancies 


Compound mol. log a* hemi-ion log a* di-ion log a* 


1-Naphthol 31,050 3-31 30,100 3-93 
(ethanol, 32,530 3-52 30.630 3-90 
2 M NaOH) 34,300 3-67 


2-Naphthol 30,500 3-26 28,900 3-47 


(ethanol, 31,650 3-19 34,250 3-68 

(2 M NaOH) 35,100 3-51 35,450 3-79 
36.630 3-66 36.800 3-68 
37,900 3-61 


39,300 


:3-Naphthalenediol 29,700 3°36 31,150 4-07 28.200 3°48 
(ethanol, pH 10-4 30,550 3°34 39,200 3-83 31,450 3°67 
2M NaOH) 33,600 3-58 

34,720 3-59 
36,150 


:4-Naphthalenediol 28,900 3°51 29.850 3°47 27,300 3°87 
(ethanol, pH vO 30,670 3°51 31,150 3°49 
2M NaOH) 33,300 3-458 


38,300 


:5-Naphthalenediol 30,120 3-86 29 500 3-99 29.200 4-12 


(ethanol, pH 10-4 31,500 3°85 30,500 3-99 29,700 4-11 
2 M NaOH) 32,150 3-80 31,350 3-48 30,500 4-08 
33,380 3-90 
34.500 3-79 


36,100 


:'6-Naphthalenediol 29,800 3-42 28,550 3-57 
(ethanol, O01 M 30.950 3-38 31,750 3°63 
NaOH) 33,300 3°52 33,000 3°67 

34,800 3:54 
36,200 3 


2:3-Naphthalenediol 30,580 3-68 28,800 3°76 
(ethanol, 0-2 M 31,300 3-44 29,580 3°81 


NaOH) 32.050 3-48 30,900 3-61 
32,700 3-27 34.050 3-67 
34,200 3-50 
35,450 3°62 
36,600 3-59 


38.000 


2:6-Naphthalenediol 29.500 3-01 28,750 3-70 
(ethanol, 0-2 M 31,300 3-02 33.200 3-58 
NaOH) 34.150 3°45 37,300 4-03 
35,500 3°75 

36.750 


2:7-Naphthalenediol 30,420 3°53 29.150 3-70 
(ethanol, 0-2 M 31.150 3°33 30.400 3-60 
NaOH) 31.800 3-41 

32.700 


34.850 


* a is molar absorptivity. 
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diols, two bands corresponding to the B- and C-bands in naphthalene are observed. 
[t should further be noted that in two cases where only H-substitution is present 
(2:3 and 2:7) the C-band is equal in intensity to the B-band; the 2:6-diol is an 
exception, showing a B : C intensity ratio of about 5: 1. This exception prompts 
the conjecture that there may be some degree of symmetry forbiddenness operative 
in the C-band, because the 2:6-diol is in a different symmetry group (( '»,) than the 
other two (C,,). 

Because the hydroxy! in a V-position tends to produce polarization of the ring 
in the direction of the O—C axis, one would expect V-substitution to enhance only 
the B-band (also to shift it slightly bathochromically). However, in H-substitution, 
hydroxy! polarization would contain vectorial components of both vertical and 
horizontal polarization so both B- and C-bands should be enhanced. This is 
consistent with the observations on 1- and 2-naphthols and on the diols. Further 
substitution on 1- and 2-naphthols produces similar effects: the 1:2-diol has B- 
and (-bands [5], like those of 1:3-diol, while the 1:8-diol does not show a separate 
C-band [20). 

The ionie spectra for 1- and 2-naphthols resembled the respective molecular 
spectra in general appearance, though they were bathochromically shifted and 
intensified. Lonization of a V’-position enhanced the B-band relative to that of the 
molecular spectrum; ionization of an H-position enchanced both bands. Thus, 
the spectra for the molecular, hemi-ionic and di-ionie species of the 1:4- and 
|:5-diols have a single band, as does I-naphthol; the hemi-ionic spectra for the 
2:6- 2:7- and 2:3-diols showed an intensified C-band and a diminished B-band. 
(No di-ionic spectra were observed for these three diols.) 

The 1:3-diol, where both H and V substitution are present, showed no such 
regular behavior. The molecular spectrum clearly showed a B- and a C-band 
resembling 2-naphthol. The hemi-ionie form had only one very intense band with 
a maximum between the B- and C-bands of the molecular spectrum. One must 
conclude that this band is a bathochromically-shifted B-band and that ionization 
occurred at the l-position. Upon the removal of the second proton, separate B- 
and (-bands resembling those of 2 naphthol were again observed. 

The 1:6-diol was also somewhat different in that B- and C-bands were present 
in both the molecular and hemi-ionic spectra, indicating that ionization must have 
occurred first from the 6 position It is possible that both positions ionized 
simultaneously, but this seems improbable. 


reitation spectra 


Excitation maxima are shown in Table 2, along with the corresponding absorp- 


tion maxima and the differences between them. The absorption maxima reported 
are those for C-bands in cases where both B- and C-bands were present. The 
excitation spectra showed that the greatest intensity of fluorescence was associated 
with a separate C-band though some fluorescence always appeared to be produced 
by the B-band. The fact that the excitation maxima and the absorption maxima 


coincided to within 100 cm~' on the average, a difference within the limits of 


20) F. A. Hocusrern et al., J. Am. Chem. Soc. 7§, 5475 (1953) 
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Absorption and fluorescence spectra of some mono- and di-hydroxy naphthalenes 


Table 2. Excitation maxima obtained using a high-pressure xenon lamp 
M) 


(concentrations approximately 1 


Compound Solvent Ex. max. Abs. max. Diff. 


:3-Naphthalenediol O-1M H,SO, 30,700 31,300* 600 


0-1 M NaOH 28,200 31,150 3950 

1 :4-Naphthalenediol Ethanolt 29,800 30,300 500 

1:5-Naphthalenediol O-l M H,S¢ 32,000 33.000* 1000 

pH 10-38 29 000 30,000% 1000 

1:6-Naphthalenediol H,SO,* 29,400 29,800 400 

31,000 30,950 5O 

0-1 M NaOH 28,100 28,550 450 

2:3-Naphthalenediol Oo-1M H,SO, 31,700 31,400* 300 

0-2 M NaOH 30,000 26,600 100 

2:6-Naphthalenediol H,S¢ 31.800 31,000* SOO 

pH 10-38 29,100 28,750 300 

2:7-Naphthalenedio! 0-1 M H,SO, 30,800 30,420 400 

31,900 100 

pH 10-38 28,500 29,150 600 

1-Naphthol 0-2 M NaOH 28,500 31,000* 2500 

pH 6-96 31,600 34,100* 2500 

2-Naphthol Ol M H,SO, 30,500 30,800* 300 

OLe 0-2 M NaOH 28 500 28.700 200) 

15 

oso * Value represents the centre of the band 


+ Obtained with the AH—6 mercury are 
* Average of two peaks. 


agreement reported in the literature [21], is very strong evidence that the C-band 
arose from a separate electronic transition rather than being due to vibrational 
fine structure [13]. 


The C-band may be overshadowed by the B-band in 1-naphthol, 1:5- and 
1:3-diols, as indicated by the lack of coincidence of absorption and excitation 
maxima. For the diols, large differences were noted only for hemi-ionic species 


whose absorption may have caused apparent shifts in the fluorescence maxima 
(particularly in the case of 1:3-diol). This difficulty could not be resolved by 
diluting the solution because a low quantum efficiency resulted in fluorescence too 


weak to measure accurately at the required level of concentration. However, in 


|-naphthol. a constant difference between excitation and absorption maxima was 


observed regardless of the species present in solution. This strongly supports the 
presence of an overshadowed C-band in | naphthol. 


Excitation spectra were unobtainable for di-ionic species because of their 
relatively rapid oxidation by air. 


Fluorescence 8 pe clra 


Only feeble fluorescence was observed from the solid diols exposed to ultra-violet 


radiation. so no attempt was made to record their spectra. Fluorescence from 


Princsneim, Fluorescence and Phos pyhorescence Interscience Publishers, New York 1049 
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their solutions were more intense and are reported here for the first time. Molecular 
and ionic spectra were observed for 2-naphthol, but l-naphthol showed no 


molecular thuorescence in acidic aqueous solutions, All diols had fluorescent 


molecular and hemi-ionie species, though only 1:3-diol gave rise to a fluorescent 
di-ion. 


The spectra for l- and 2 naphthols are shown, for purposes of comparison, in 
Fig. 5: those for the molecular diols in Fig. 6; those for the hemi-ionie diols in 


Fig. 7; and that for di-ionie 1:3-naphthalene-diol along with a second hemi-ionic 
spectrum for 1:6-naphthalenediol, in Fig. 8. All spectra are corrected for phototube 


response, the correction of the maximum amounting to 100-800 em. depending 


upon the spectral region. The trequencies and intensities of the maxima. under 
3130 A excitation. are listed in Table 3. 


Several generalizations can be made about the fluorescence spectra of the 
naphthalenediols, though the situation is not as clear-cut as in the case of 
absorption spectra: 


(1) In every case, removal of a proton produced a bathochromic shift of about 
6000 cm-! in the fluorescence spectrum. 


(2) Substitution of a second hydroxyl group into l-naphthol caused a batho- 
chromic shift in the molecular fluorescence spectrum when the new group was 
added to the same ring as the original group, but essentially no effect was observed 
for substitution into the other ring. For 2-naphthol, the effect of substitution into 
the same ring depended upon the position of the second group, while substitution 
into the other ring again produced essentially no shift. 

(3) Only one electronic band is present in all of the fluorescence spectra. From 
the coincidence of excitation and absorption spectra, fluorescence can be attributed 
unambiguously to the C-band. except where the B-band overshadows the C-band. 

(4) Substitution in a V-position generally resulted in low fluorescence intensity 


in aqueous solutions. (All intensity considerations are for equally absorbing 


solutions.) Substitution in an H-position generally caused an increase in 
fluorescence intensity. An exception will be found in the detailed discussion below. 


\V-substituted diols 


1:4-Naphthalenediol. The fluorescence of this compound was difficult to study 


in aqueous solutions because of its low quantum efficiency and extreme ease of 
oxidation. The difference of spectral maxima in alcohol and in water at pH 6-1 


was only 1000 cm~!, much less than the usual separation of molecular and ionic 
species, making the assignment of the spectrum at pH 6-1 to the hemi-ionic species 
questionable. A bathochromic shift was observed, relative to l-naphthol. The low 
intensity of fluorescence is understandable because the compound has two V- 


substituted groups on the same aromatic ring. 


1:5-Naphthalenediol. Fluorescence spectra obtained for this compound were 


attributed to molecular and hemi-ionic forms. The molecular form of this com- 
pound is strongly fluorescent in aqueous solution, probably because the B-band is 
shifted so as to overlap the C-band in 1:5-diol, but not in 1:4-diol. The situation 
is complex, however, because both diols fluoresce in alcohol. indicating that there 
must be a quenching interaction between 1:4-diol and water which is absent in 
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(angstroms) 


6000 S500 5000 4500 4000 
T T T T 


Relative Fluorescence (Quinine Equivalent) 


16,000 20,000 
Fig. 5. Fluorescence spectra of 10-4 M solutions of 1- and 2 naphthol: A, l-naphthol in 


methyl aleohol; B, l-naphthol in 0-2 M sodium hydroxide; C, 2-naphthol in 0-1 M 
sulfuric acid; 1), 2-naphthol in 0-2 M sodium hydroxide. 


™ w 


Relative Emittance (in arb units) 
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Fig. 6. Fluorescence spectra for the molecular forms of the naphthalenediols (1 em silica 
cells, concentration | 10-* M): 1:5-naphthalenediol; 2:7-naphthalens 
diol; 2:3-naphthalenediol; 2:6-naphthalenediol; — -— -— 1:3-naphthalene 


diol; 1:4 naphthalenediol; 1:6-naphthalenediol. 
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39000 


Fig. 7. Fluorescence spectra of the hemi-ionic forms of the naphthalenediols (1 crm silica cells 
concentration |] M 1:5-naphthalenediol; 2:7-naphthalenediol : 
2:3 naphth tlenediol; 2:6-naphth tlenediol; 1:3 naphtha- 

lenediol: 1:4 naphthalenediol; 1:6-naphthalenediol. 


Fig. 8. Fluorescence spectra for the di-ionic forms of the naphthalenediols (1 em silica cells, 
concentration | M) 1:3-naphthalenediol; 1:6-naphtha- 


lenediol 
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Absorption and fluorescence spectra of some mono- and di-hydroxy naphthalenes 


Table 3. Fluorescence maxima for 10~* M solutions 


Compound Form Solvent 7 max. nsity 


1-Naphthol Molecular Methanol! 27.800 
Lonic 0-2 M NaOH 20,000 
-Naphthol Molecular 01MM H,S¢ 27,900 
lonic 0-2 M NaOH 23.300 
:3-Naphthalenediol Molecular 0-1 M H,SO, 26,050 
Hemi-ionic pH 6-1 2? 100 
Di-ionic 0-2 M NaOH 20,550 
:4-Naphthalenediol Molecular Ethanol 22,750 
Hemi-ionic pH 6-1 21,700 
:5-Naphthalenediol Molecular* 0-1 M H,SO, 28,550 
.750 
Hemi-ionic pH 10 22,750 
Naphthalenediol Molecular Ethanol 27,400 
Hemi-ionic pH 9-7 500 
Di-ionic 0-1 M NaOH 21,800 
3-Naphthalenediol Molecular* O-1M 29,000 
Hemi-ionic 0-1 M NaOH 24,950 
i-Naphthalenediol Molecular 0-1 M H,SO, 27,550 
Hemi-ionic 0-1 M NaOH 
2:7-Naphthalenediol Molecular O-1M H,SO, 
Hemi-ionic pH 8-4 


* Concentration of solution was 5 10-° M. 


alcohol. The hemi-ionic spectrum for the 1:5-diol is an apparent anomaly that may 


result from photodissociation of the ionic species, a subject to be discussed later. 


H-substituted diols 


The compounds in this category are the 2:3-, 2:6- and 2:7-diols. Each has two 
spectra, attributed to molecular and hemi-ionic forms. One would expect intense 
fluorescence for these compounds because of the strong horizontal polarization of 
two H-substituted groups. For 2:6-diol the molecular fluorescence is weaker than 
its hemi-ionic fluorescence, though the converse is true for the 2:7- and 2:3-diols. 
This may arise from symmetry forbiddenness in the case of 2:6-diol and photo 


dissociation for the 2:3- and 2:7-diols. 


Mixed H- and V-substituted diols 


1:3-Naphthalenediol. The changes in fluorescence intensity with pH can 
readily be explained by considering 1:3-diol to be a derivative of 2-naphthol. 
Substitution of a V-hydroxyl group onto the same ring would be expected to 
decrease the molecular fluorescence intensity, relative to 2-naphthol. Ionization 
in a V-position, by analogy with l-naphthol, increased fluorescence intensity and 
produced a bathochromic shift. Ionization of the second hydroxy! from an H 
position further increased the fluorescence intensity. 
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Fig. 9. The pH ranges for the various excited-state and ground-state forms 


naphthalenediols 
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Absorption and fluorescence spectra of some mono- and di-hydroxy naphthalenes 


1:6-Naphthalenediol. Although three spectra were observed for this compound, 
it is believed (from absorption studies) that the di-ionie form is not represented. 
Assignment of the ultra-violet spectrum to the molecular form is consistent with 
previous consideration. Assuming the spectrum observed at pH 10 is due to a 
hemi-ioniec form, one cannot readily attribute the spectrum observed in 0-1 M 
sodium hydroxide to a di-ionic form because of the hypsochromic shift (1300 em—) 
of the strongly alkaline spectrum. It is believed that both spectra arise from 
excited hemi-ionic species. In the ground state, l-naphthol and 2-naphthol are 
of equivalent acidity, but in the excited state, l-naphthol appears to be more 
acidic than 2-naphthol. Hence, in moderately alkaline solutions, the 1:6-diol 


probably goes from a ground state ionized in the H-position (determined by 


absorption spectra) through two excited states, 


OH OH O- 


HO 


ground state excited state (1) excited state (IT) 


to produce the observed fluorescence which resembles that for ionic 1-naphthol. 
In more alkaline media, however, the lifetime of the excited state (I) is short 
compared to the rate of protonation, so significant amounts of the second excited 
state are not produced. The resulting spectrum resembles ionic 2-naphthol and 
is hypsochromically shifted relative to the spectrum for (II). 


Effect of pH on diol fluorescence 


The fluorescence of the diols, as a function of pH, has been investigated and 
the approximate pA values for the excited and the ground states determined. 
These results are shown in Fig. 9, together with the fluorescence behavior of the 
mono-naphthols. 

Fig. 10 shows plots of the relative quantum efficiency (per cent maximum 
quantum efficiency) as a function of pH. These results were obtained by 
absorbance measurements combined with measurements of molecular fluorescence. 
The curve shown for the molecular form of 2:6-diol is typical of most curves 
obtained, the break in the curve at the lower pH corresponding to the pK of the 
excited state of the molecule; and the second, to the pA of the ground state. In 
general, correspondence between measurements of the ground-state pK by 
fluorescence and by absorbance was found to be very good. 

The curve for 1:5-diol is typical for a compound having three molecular forms. 
The first break corresponds to the pX for the excited state, the second to the pK 
for the ground state and the third to the pK for excited-state dissociation of the 
hemi-ion. 

The curve for the molecular form of 1:3-diol is a diffuse one, having no sharp 
break like the other curves, due to the fact that the hemi-ionie species of this 
compound have an extremely high absorbance and a very low quantum yield. 
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In order to have a fluorescence intensity that could be accurately measured, a 
high concentration had to be used which adsorbed much of the exciting radiation 
in the initial portion of the light path. 

Generally, those diols which were stronger acids in the ground state were more 
acidic in the excited state. Also, the diols were found to be slightly stronger acids 
in the excited state than were the naphthols. The plateau values listed in Table 4 


Table 4. Plateau values for the pH-quantum efficiency curves 


Compound Form Plateau percentage 


1:3 Naphthalenediol Molecular * 
1:4-Naphthalenediol t 
1:5-Naphthalenediol Hemi-ionic 
Molecular 
o Naphthak nediol Molecular 
Hemi-ionic 
3-Naphthalenedio| Molecular 
Hemi 
Naphthalenediol Molecular 
Hemi ronic 
7-Naphthalenediol Molecular 
Hemi-ionic 
Naphthol Molecular 
Naphthol Molecular 


to the nature of the curve 


too weak to measure accurately. 


for the quantum efficiency-pH curves are similar to those for the naphthols and 


indicate that formation of an excited-state ion from an excited molecule is usuallv 


quite efficient. Effects of changes in temperature [22] and solvent remain to be 
studied. 


Che writers wish to thank the Atomic Energy Commission for partial support 
D. M. H.) is grateful to the DuPont Company for a Teaching 


inkfurt 3, 238 (1055). 
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Determination of U—O bond distance in uranyl complexes from 
their infrared spectra* 


L. H. Jones 
Los Alamos Scientific Laboratory, University of California, Los Alamos. New Mexico 


(Received 16 February 1959) 


Abstract—From the U—O bond force constant and U—O bond distance in K,U0,F, the con- 
stant, dyo, has been calculated to use with Badger’s rule. It is shown that this relation (Rrvo 

= 1:08 Fyg 1-17) gives good agreement when applied to NaUO,(Ac).. R is in angstroms 
and F in millidynes per angstrom. The other known cases (UO,CO, and MgUO,0O,) are in 


agreement, but the limits of error involved are too great to allow further confirmation of the 


relation. It is shown that the observation of the two vibrational frequencies, vy, and v, + Vs, 


of the uranyl group, should serve as a very sensitive measure of the U-—O bond distance. 


Introduction 
Because of the small relative scattering power of the oxygen atoms, it is very 
difficult to determine the U—O bond length in uranyl complexes. It would be 
quite convenient if one could use infrared absorption spectra to measure the U—O 
bond length. As pointed out by the author in a previous publication | 1], provided 


a relation such as BapGer’s rule [2] is applicable, a small change in U—O bond 
distance should lead to a large change in the U—O bond force constant. 

The U—O bond distance in K,U0,F, was determined by ZACHARIASEN [3] 
to be 1-76 +. 0-03 A. Recently ZacHaRtasEN has found [4] that the U—O bond 
length in sodium uranyl acetate is 1-71 + 0-04 A. These give us two data with 


which to test the use of Badger’s rule. 


U—O force constants 
In reference [1] it was pointed out that fairly accurate force constants can 
be calculated for the uranyl U—O bond (F,,,.) and for the bond—bond interaction 


(Fou) if we know the fundamental asymmetric stretching frequency, v.. as 


well as the frequency for the combination transition of », plus », (where y, is the 
symmetric stretching frequency). Any error arises in neglecting the interactions 


with the internal co-ordinates involving the ligand groups (such as the F atoms 
in UO,F;~*). In [1] it was shown that this error is expected to be quite small. 
Furthermore, the error will probably be of the same sign and of a similar magnitude 


for different uranyl complexes. Thus, though the force constant may be slightlv 


in error, in using it with Badger’s rule to determine the bond distance the error 
will tend to cancel out and it can be essentially included in one of the empirical 


constants. 


* This work was sponsored by the U.S. Atomic Energy Commission. 
L. H. Jones, Spectrochim. Acta 10, 395 (1958) 

R. M. Bapcer, J. Chem. Phys. 3, 710 (1935). 

W. H. ZACHARIASEN, Acta Cryst. 7, 783 (1954) 

W. H. ZAcwARriasen, Private communication. 
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We have observed y, and », + v, in the infrared for four compounds. They 
are listed in Table |. Also listed are the force constants calculated from these 


frequencies using the relations of [1] (including anharmonic corrections). 


Table 1. Vibrational frequencies and force constants of some uranyl compounds 


Vs Fvo Fvo.vo 


Compound 
(em~!) (mdyn/A) (mdyn/A) 


K,U¢ 1652 6-160 0-134 
NalO,(Ac), 1781 7152 0-167 
( s,l l, 1750 1-906 0-242 
RbUO JNO ,), 1837 7 602 0-240 


There is, of course, the possibility of calculating F.,. from », alone, if we can 
assign a value of Fo po. thus further simplifying the problem. However, as 
seen in Table 1 Frye yo varies considerably. It is no doubt a function of the 
number and species of ligand groups. When more data are available it may be 
possible to predict po. 


Relation of bond distance to force constant for the uranyl group 
BADGER’s relation | 2] is 


Reo BF + dig (1) 


If F is in millidynes per angstrom and d and # are in angstroms, / is about 1-08 
for all pairs of elements if one element has atomic number greater than 18. Our 
procedure is to determine d,., for a given case of known R,, and F,.,, and then 
to investigate its application to other uranyl complexes. Applying this relation 
to K,UO,F, with R 1-76 A [3] and F,.,. = 6-160 mdyn/A (Table 1), we arrive 
at the relation, for the urany! U—O bond 


Reo = 1-08 + 1-17 


Using equation (2) along with the force constants of Table | gives the distances 
given in Table 2. The only check on the equation is the result for NaUO,(Ac),. 
Thus, the calculation for sodium uranyl! acetate using equation (2) is in complete 
agreement with X-ray diffraction data. 

The results presented in Table 2 show that the force constant should provide 
a very sensitive measure of bond distance thus a very appreciable change of 


3-6 per cent in F,.,, corresponds to a change of only 0-006 angstrom units in Ryo 


(a change of 0-35 per cent). 
The only other uranyl U—O distances reported are 1-67 + 0-09 A for UO,CO, 
[5], 1-92 + 0-03 A for MgUO,0, [6], and 1-91 + 0-10 for CaUO,O, [7]. We have 


5) D. T. Cromer and P. E. Harper, Acta Cryst. 8, 847 (1955) 
6) W. H. ZacHARIASEN, Acta Cryst. 7, 788 (1954 
7) W. H. Zacwartasen, Acta Cryst. 1, 281 (1948 
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made preliminary studies of the infrared absorption spectra of two of these com- 
pounds and find », (OQ—U—O) for UO,CO, at about 930 cm~!, while MgUO,0, 
does not absorb in this region but shows three strong, very broad absorption bands 


centered at about 563, 492 and 368 cm~', and a weaker, broad band at ~715 em~!. 
Assuming the interaction constant Fyo po is similar for VO,CO, and NaUO,(Ac),, 
from », = 930 cm~! we would calculate a bond distance of 1-72 A for the carbonate. 
This is in agreement with the reported value [5] of 1-67 + 0-09; however, the 
limit of error is too great to consider it as a confirmation of equation (2). The 


Table 2. Calculated and observed U-——O bond distances 


Ry Os cale. Ry obs. 


1-76 0-03* 
1-71 0-047 


K,U0,F, 
NaU¢ (Ac), 
Cs,U0,Cl, 
RbUO, (NOS), 


«3 «J 


* Reference {3}. 
* Reference {4}. 


O distance of 1-92 A for MgUO,O, combined with equation (2) yields Fyo 

3 mdyn/A. If we assume that Puyo yo » —0-2 mdyn/A (average of values 
in Table 1), we calculate that wm, = 545 cm~' and w, = 621 em~! (or », = 539 and 
vy, — 613) from the relations in reference [1]. The observed spectrum is much too 
diffuse to assign definite values to y, and yz; however, these frequencies apparently 
lie in the range 450-650 cm~'. This fact is then essentially in agreement with 
equation (2), though we cannot say the vibrational spectrum of MgUO,0, 
is understood. Because of the relative weakness of the uranyl U—O bonds there 
will no doubt be greater interaction with the secondary U—O bonds and thus 
considerable error may arise from neglect of this interaction in the uranates. 

We have shown that a relation such as Badger’s rule appears to be satisfactory 
for relating bond distance to bond force constant. The result is that infrared ab- 
sorption measurements should prove to be very sensitive measures of uranyl! U—O 
bond lengths except for the very long bonds (perhaps greater than 1-85 A). 
Further confirmation of equation (2) is very desirable, and we shall pursue this 
objective. 
Acknowledgement—The writer is extremely grateful to Dr. F. H. Kruse for preparation of the 


magnesium uranate and potassium uranyl pentafluoride and observation of their infrared 
absorption spectra. 
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Abstract 


on the silicon in a manner which roughly parallels the sum of their electronegativities. Using 


lhe frequency of the SiH stretching absorption varies with the other substituents 


a few selected compounds as standards, one can derive a characteristic constant for each sub- 


stituent group such that the SiH frequency of other substituted silanes and siloxanes can be 


predicted to an accuracy of 2 


The relationship of these constants to the Gordy electro- 


negativities, and their use in characterizing silanes of unknown structure are discussed. 


Introduction 


IT has been observed, both in our laboratory and in the literature [1, 2] that the 


frequency of the SiH stretching absorption is not constant from one compound to 
another, but varies over the range 4-4—4-8 uw as the substituents on the silicon are 
changed. For example, the frequency of the SiH band seems to increase more or 
less regularly with the number of Si—Cl bonds. Harvey ef al. attribute this shift 
to the inductive effect of the halogen atom [2]. We have undertaken an investi- 
gation of this phenomenon with a view toward establishing useful correlations 
between the SiH absorption frequency and the structure of the molecule, and have 
found that the SiH frequency can be predicted accurately from a table of constants 
characteristic of the other substituents 

Several authors have discussed the intramolecular factors which cause shifts 


in group frequencies [3, 4]. They are: 


(a) Changes in atomic mass. 


(b) Coupling of vibrations. 
(c) Electronegativity of adjacent atoms or groups (inductive effect 


d) Conjugation. 


(e) Hydrogen bonding. 


(f) Bond-angle strain. 


(g) Mesomerism 
With a group such as SiH, which from a mechanical viewpoint can be con. 


sidered as a single-bonded diatomic molecule of reduced mass approximately equal! 
to 1, we are not concerned with effects (a), (d), (f) or (g). The SiH frequency lies 


in a spectral region sparsely populated by other fundamentals, and we have never 


encountered any appreciable coupling effects. Under certain circumstances, 


however, some interactions may conceivably occur. Hydrogen bonding in SiH 


1} M. 1. Batvev, A. D. Perrov, V. A. Ponomarenko and A. D. Marveeva, Bull. acad. Sci. U.S.S R. 
Die. Chem. Sei, 1243 (1956); p. 1269 of English Translation 

2) M. C. Harvey, W. H. Nepercact and J.8. Peake, J. Am. Chem. Soc. 76, 4555 (1954) 

3) R. C. Lorp and F. A. ippl Spectroscopy 10, 115 (1956). 

4) L. J. Bettamy, Spectrochim. Acta 18, 60 (1958). 
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compounds has never been found [5], and if it exists, the effect on the frequency 


must be small. Electronegativity of adjacent groups, however, has been shown 


to influence the phosphoryl! [6] and carbonyl 


3, 7, 8] stretching frequencies as 


well as other molecular vibrations {[9, 10, 11]. Indeed, vibrational frequencies 
have been used to predict electronegativity values [6, 12, 13, 14, 15]. It therefore 


seemed reasonable to correlate the SiH frequency with the electronegativities of 


the substituents on the silicon. 


Effect of electronegativity 

KAGARISE [7] found a linear relationship between the stretching frequency of 
the C=O band and the sum of the electronegativities of substituents X and Y for 
structures of the type X-CO-Y. Therefore, we attempted to correlate the frequency 
of the SiH stretching absorption and the sum of the electronegativities of the 
silicon substituents. That is, if y is the SiH frequency, 


b (1) 


where {Xi is the sum of the electronegativities of the other three substituents, 
and m and b are constants. 


A plot of the sum of Gordy electronegativity values |7, 16] for the substituents 


on the silicon against the SiH stretching frequency was reasonably successful for 


molecules of the type Ph,Me,CLSiH (see Fig. 1) where x + y +z = 3. For mole- 
cules containing SiH,, SiH, or SiBr, however, large deviations appeared, and it 


was obvious that such a straightforward correlation was of very limited applica- 
bility. 
The next step was to devise a new “‘electronegativity” scale which would 


permit the calculation of SiH frequencies using equation (1). 


Trivial solutions result if one attempts to substitute data for several molecules 


into equation (1) and solve simultaneously for the constants. To obtain unique 


solutions, one must arbitrarily assign two constants, or one electronegativity 


value and one constant. The former alternative was chosen, with ) set equal to 


zero and m set equal to unity for ease of calculation. This procedure is equivalent 


to saying that the SiH frequency is equal to the sum of characteristic numbers 


assigned to the other three substituents on the silicon. These numbers are used 


instead of Gordy electronegativities in equation (1). We shall call them £-values, 


and show that they are extremely useful constants. Their relationship to Gordy 


electronegativities will be discussed later. It should be pointed out that numerical 


{ npublished results, Dow Corning Corporation 
6| J. Beu.. J. Heister, H. TANNENBAUM and J. Go_pEnson, J. Am. Chem. Soc. 76, 5185 (1954 
(7) R. E. Kacarise, J. Am. Chem. Soc. 77, 1377 (1955) 
8| G. Rappaport, M. Haverscuein, J. F. O'Brien and 
{% R D K Ross ind Vv. \ FASSEL, J im. Chem. Soc 7 

N. SHerrarp, Trans. Faraday Soc. §1, 1465 (1955). 
11} S. C. Wart, Jr. and G. J. Janz, J. Chem. Phys. 26, 1554 (1957). 
12} W. Gorpy. /. Chem. Phys 14, 305 (1946 
13) A. D. Warsu, Proc. Rey. Soc London) A 207, 13 (1951). 

f14) J. K. Wiemsnurst, J. Chem. Phys. 26, 426 (1957). 
15| J. K. Witmsuvrst, J. Chem. Phys. 28, 733 (1958). 

116) W. Gorpy and W. J. O. Tuomas, J. Chem. Phys. 24, 430 (1956) 


Fitter, J. Am. Chem. Soc. 75, 2695 (1953 
(LO55). 
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values given in Table 1 are significant only in relation to each other. The actual 
numbers depend on the choice of constants in equation (1). 

It is interesting that the halogen-substituted methanes do not show the same 
trend in their C—H stretching frequencies with increasingly electronegative 
substituents as do the silanes [17]. 


| 


PHHSiCi, 


Pi 
Me 


| 


Sitig 
2100 2200 


Fig. 1. SiH stretching frequency as a function of the electronegativity 
sum of the silicon substituents. 


Experimental results 

All frequency values, except as noted, are for dilute solutions in CCl,. A 
Perkin-Elmer Model 112 spectrometer equipped with a CaF, prism was used for 
the measurements. The instrument was calibrated in the range 2050 to 2250 em=! 
using carbon monoxide gas. The organo silicon compounds were as pure as could 
be obtained, in most cases of 99-+ per cent purity. Wave number measurements 
were reproducible to within about —-1 em—. 

Whenever possible, E-values were derived from »(SiH) values of trisubstituted 
silanes with identical substituents. Thus, 2(C,H,) is from HSi(C,H,),; (Br) from 
HSiBr,, ete., as shown in Table 1. In some cases it was necessary to use E-values 
obtained from silanes with mixed substituents. 


RK. N. Jones and C. Sanporry, Chemical Applications of Spectroscopy p. 414 Interscience Publishers, 
New York (1956) 
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Table 1. Calculation of E-values from selected compounds 


Compound Obs. Group Source * 


1 


HsiMeF, 2227-5 760-8 a 
HsiCl, 2258-3 Cl 752-8 a 
HsibBr, 2236-0 Br 745-3 
HSi(OMe), 2203-2 OMe 734-4 a 
HSi(OEt), 2196-0 ORt 732-0 a 
HSi(2-Et BuO), 2191-2 2-EtBuO 730-4 a 
HSi(O/-Pr), 2190-8 Oi-Pr 730-3 a 
H,SiMeCH,C! 2156-0 CH,CI 725-3 
H,SiPh 2158-3 H a 
H ,Si(pC gH ,Cl)Me 2144-7 pC.H,Cl 714-0 a 
H ,Si(mC,H ,Cl)Me 2142-0 ,Cl 711-3 a 
HSi(CH:CH,)MePh 2123-8 CH=CH, 709-2 a 
HsiPh, 2126-0 Ph 708-7 a 
HSi(CH,CH:CH,)CI, 2212-0 CH,CH=CH, 706-4 a 
HSiPhMe, 2120-5 Me 705-9 a 
HsSiPrCl, 2205-7 Pr 700-1 a 
Bu (700-1) b 
HSi(n-C.H,,)Cl, 2205-7 700-1 a 
(700-1) b 
HSikt, 2097-2 Et 699-1 a 
HSi(¢Pr)Cl, 2199-9 i-Pr 694-3 a 
HSi(eyclo- ‘gH,,)Ph 2125-0 cyclo 691-5 [2] 


: Infrared data, this laboratory. 
: Interpolated values. 

%: Raman shift for liquid. 
Numbers in square brackets refer to bibliography. 


Once we know E for a group, we can substitute its value into equation (2) and 
predict the SiH stretching frequency for any given structure. 


S 


This calculation has been carried out for a large number of molecules, and the 
results checked by experiment. Predicted values are compared with the observed 


frequencies in Table 2. Siloxane (Si—-O—Si) compounds form a special class which 


will be discussed later. In order to simplify calculations as much as possible, we 


have chosen to sum £’s for three rather than four substituents on silicon in equation 
(2). This means that the #-value for the fourth substituent (hydrogen) is implicit 
in the numbers used for the other substituents. 


Agreement of the calculated and observed values is seen to be excellent, in 


most cases within 2cm~'. The largest error which we have found is 4-7 em~' for 
MeHSi(OEt),. The standard deviation of the error for the eighteen compounds 
we have measured is 2-0 cm~'. Some frequencies taken from the literature are 


[18] K. W. F. Kontrauscu, Ramanspektren. 


Becker und Erler, Leipzig (1943). 
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Table 2. Calculation of frequencies from E-values 


Compound Veale Source? 


Veasured in our laboratory 
H,SiCl, 
MeHSiCl, 
Me, HSiC! 
Me, SiH, 
PhHSiCl, 2214-: 
PhMeHsiC! 2167 
Ph,MeSiH 6 2123-: 
PhMeSiH, 2139: 
Ph,SiH, 2142+: 
Ph,Hsic! y 2170:: 
Ph,(CH,:CH)SiH 2126 
Ph(CH,:CH)SiHC! 2170-7 
Et,(CH,:CH)SiH : 2107 
Et, Hsicl ol 2151 
EtHSiCl, 2204-7 
Et,MeSiH 2104 
MeHSi(OEt), : 2169-4 
H,Si(mC,H 2160-4 


* 


2230-4 
2211-5 
2164-6 
2136-6 


Standard deviation 


B. Literature values 

C,H,,5iH, 2152 2149-7 
Pr SiH, 2127 2125 
PhHSibr, 2193 2199-: 
PhH,SiBr 2177 2178 
PhEtsiH, 2132 2132-6 
PhPrsiH, 2132 2133 
PhBusiH, 2132 2133 
Phi(n-C.H,,)5iH, 2132 2133 
SiH, 2129 
Phi(n-CgH,,)SiH, 2129 
SiH, 2175 
H.SiBr, 2219* 
Me,SiH. 


tod tod toed 


to te te te te te te te 


metric and antisymmetric stretching Trequencies. 
tor iquid 
sin square brackets refer to bibliography 


also tabulated. Literature values of questionable accuracy have not been included. 

It is therefore possible, provided E-values are known for all the silicon sub 
stituents, to forecast accurately the SiH frequency for silanes of any given 
structure 


19) F. Francois and M. Buisser, ( ompt. rend 230, 1946 (1950 
20) V. A. Kovesova, Z. V. Kukwarskaya and D. N. Anpreev, Jrvest. Akad. Nauk S.8.5.R., Otdel 
Khim. Nauk 294 (1953 
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Effect of strained bonds 
To evaluate the effect of strained silicon bonds on the SiH frequency, we have 
studied the cyclic series (MeHSiO), ;. The difference in bond strain energy be- 


tween trimer and tetramer must be appreciable, since in the analogous compounds 
(Me,SiO), and (Me,SiO),, the difference in the ring energy is about 3 keal/mole [5]. 
Furthermore, the siloxane stretching frequency, which falls at about 1085 em~ 


for the unstrained cyclics, is displaced to about 1020 cm~ in the eyclic trimers 
(5, 21]. The shift in the SiH frequency, however, is only about 4 em~! (Table 3), 


Table 3. Observed SiH frequencies in methy] 
hydrogen siloxane cyclics 


Compound 


(MeHSiO), 


(MeHSi0), 2173-0 
(MeHSi0O), 2170-5 
(MeHSiO), 2170-5 
(MeHSiO), 2167-7 


which is negligible compared with the shifts caused by electronegative groups. 


It is therefore apparent that the change in the SiH stretching frequency caused 


by strain on the other Si bonds is either very small, or is offset by some unrecog- 


nized factor. 


E ffe cl of ad jace nt oxygen 


Experimental results on a number of substituted disiloxanes show that the 


SiH frequency is affected relatively little by the presence of a single adjacent 


oxygen. Apparently the electronegative character of the oxygen is largely neutral- 


ized by the more electropositive silicons. Further, the transmission coefficient of 


the SiO linkage for the R,Si substituents must be near unity, since the effect of the 


OSiR, group on the SiH frequency is approximately equal to the average FE for the 


three substituents on the second silicon. 


Multiple oxygen substitution, however, has a pronounced effect on the SiH 
frequency. For example, in (Me,SiO),SiH the SiH frequency is raised by about 
80cm-'. The stretching frequency for any given structure may still be calculated, 
although not as accurately as for the silanes, by the use of the empirically derived 


equation (3): 


S Ei + 9n? (3 


where » is the number of siloxane oxygens attached directly to the hydrogen 
bearing silicon, and the E’s are average values for the terminally substituted 
silicons, ignoring the fact that one or more siloxane linkages may intervene. 


21) N. Wricur and M. J. Hunter, J. Am. Chem. Soc. 69, 803 (1947). 
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For example, in the compound (Me,SiO),SiH, (cale.) = 3{(3 705-9)/3] +- 9(3)? 

2198-7 em~. The observed frequency is 2200-83em-'. For the compound 
(MeHSiO),, 2 and » (cale.) 705-9 +- 2[(705-9 724-8)/2] + 9(2)? 2172-6 
whereas vy (obs.) 2173-0. Calculated and observed results are compared for a 
number of siloxane compounds in Table 4. 


Table 4. Calculated frequencies from equation (3) 


Compound 


H Me(EtO)SiOsSiMe, 
H Me. SiOsSiMe.H 2 
HMe, SiOSiMe, 19-5 
263! 
HPh,SiOSiPh,H 2138. 
HPhMeSiOsSiMePhH 2132-: 
HPhEtsiOsikt PhH 2126-0 
(HMe,SiO), SiH 


» 
» 


(Me,SiO),SiH 
(Me HSiO), 
(HMe Sit 


Standard deviation 


Discussion 
Several points are worth noting. First, equation (2) applies only to infrared 
frequencies of SiH compounds in CCl, solution. Infrared and Raman frequencies 
for pure liquids will probably not be much different from those of the same 
materials in solution. Vapor state frequencies, however, may be either higher or 
lower by as much as 30 em~!, and cannot be used in this correlation. 


Relation of E to electrone qatir ities 


It is of interest to compare E-values from Table | with the Gordy electro- 
negativity scale as shown in Fig. 2. The relationship is not a linear one, but the two 
scales correlate reasonably well except for one or two points. 

It has been emphasized |16, 22] that although one of the most attractive 
features of the electronegativity concept is its universal applicability, individual 
electronegativity values depend on the method by which they were derived as 
well as on the molecular environment of the atom, and tabulated figures represent 
the most probable of many possible choices. For example, the value for carbon 
may vary from 2-3 to 2-8[16]. The question then arises as to whether the Z-values 
quoted in Table | represent an electronegativity scale for substituents in silicon 
compounds 

The frequency increase observed upon substituting a more electronegative 
group on the silicon is evidently caused by a withdrawing of electrons from the 


(22) H. O. Prrremarp and H. A. Skinner, Chem. Revs. 55, 745 (1955). 
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On 


700 710 720 740 750 760 
959 Fig. 2. Relation between E-values and electronegativities. 


20 


Table 5. 


v(Sill) cale. 


(em 1) 


Compound r(SiH) 


Hsik, 2282 5! 0-01 

H.SiF, 2246 0-007 
MeHSiF, 2228 0-007 
MeH SiF 2191 47: 0-005 
MeSiH, 2155 485 0-005 


Averagt 


silicon. This redistribution of electrons presumably increases the degree of s 
character of the hydrogen-directed silicon orbital. A shortening of the SiH bonds 
results, and as observed for other systems [23], the vibrational frequency increases. 
Microwave values for some SiH bond distances are compared with their predicted 
stretching frequencies in Table 5. The SiH frequency shows the same inverse 


E. M. Layror, Jr., R. D. Kross and V. A. Fassen, J. Chem. Phys. 25, 135 (1956); R. C. Lorp 
and R. E. Merrirre cp, J. Chem. Phys. 21, 166 (1953) 

G. A. Hearn, L. F. Toomas and J. SHeripan, Trans. Faraday Soc. 50, 779 (1954). 

V. W. Laurie, J. Chem. Phys. 26, 1359 (1957). 

J. D. Swacew and B. P. Srorcuerr, J. Chem. Phys. 28, 671 (1958). 

L. Prerce, J. Chem. Phys. 29, 383 (1958). 

R. W. Kove and L. Prerce, J. Chem. Phys. 27, 108 (1957). 
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proportionality to the cube of the interatomic distance (last column of Table 5) 


as has been observed for carbon-hydrogen frequencies [29]. 

We can therefore conclude that although the #-values listed in Table | are 
related to electronegativities, the quantitative relationship between the electron- 
withdrawing power of a substituent on Si and the change in the force constant of 
the SiH bond is not vet clear. It is possible that additional data on electro- 
negativities of groups would allow us to deduce such a relationship. 


Conclusions 
Substituents on silicon affect the SiH vibrational frequency in a precise and 
reproducible manner. Since with the exception of oxygen substitution these 
effects are additive, vibrational, steric, and electronic interactions between groups 
must be small or nonexistent. Siloxane oxygens, on the other hand, apparently 
do interact in a non-linear yet predictable manner. 
We have shown that, by use of a table of constants, it is possible to predict 
accurately the SiH stretching frequency. Such a procedure should prove valuable 
in the characterization of unknown structures. 
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bonding mechanisms. 
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Abstract 


The ultra-violet spectra of some thionylamines have been recorded, and attempts 
have been made to interpret them in terms of the molecular energy levels and the way in which 


these are affected by different substituent groups. 


The thionylamines R—NSO (1), liquid or solid compounds, were first prepared 
by Micuae.is and Hertz, [1] by treating the amines with thionyl—chloride in 
benzene according to the following equation: 


R—NH, + C1,SO R—NSO + 2HC! 


They are among the most interesting thionitrogen compounds, because of 
their chemical properties [2], chiefly the formation of azothioderivatives 


R—N-==N(S)—R, [3]. Also, by virtue of its strong unsaturation, the thionylamine 
group may behave as a powerful chromophor; the aryl-thionylamines, for instance, 


are intensely vellow, orange or deep red. 

In connexion with work on the spectroscopic behaviour of organic sulphur 
compounds [4], and on the formally similar isocyanate and isothiocyanate 
derivatives, [5], we have recorded the near u.v. absorption spectra of some 
thionylamines. and some qualitative interpretations are given about the origin 
and the nature of the ultra-violet absorption spectra of these compounds. 

The spectroscopic results are collected in Tables 1 and 2 and some of the 
absorption curves are shown in Figs. 1, 4, 6, 7 and 8. Both the saturated thionyl- 


amines and the thionylanilines show two absorption systems, which are attributed 
to two different electronic transitions. The first occurs near 310 mu, and the 


second in the region 230-240 my with log e ~ 3-6. 

The two ultra-violet absorption systems of the aliphatic thionylamines arise 
through excitation of the thionylamine group —NSQO, but in the aromatic 
derivatives the absorption, at any rate on the longer wave side, is the result of a 
more or less strong interaction of the thionylamine group with the benzene 
a7 shell, since the 321 my band of thionylaniline C,H,;—-NSO is shifted to 


* Some of these data were presented at the Meeting of Molecular Spectroscopy, ¢ olumbus, Ohio, 


June 1956, and at the International Congress of Pure and Applied Chemistry, Paris, 1957. Some data 
were published as “letter to the Editor” in Ricerca sci. 27, 1920 (1957). 
1] A. Micuaetis and R. Herz, Ber. deut. chem. Ges. 23, 3481 (1890); 24, 746 (1891); D. R. Pat. 59062. 
2} A. Micwae tis and R. Herz, Ber. deut. chem. Ges. 23, 3481 (1890); Jbid. 24, 746 (1891); hid 
31, 984 (1898): B. Homaure, Jbid. 43, 226 (1910); H. GrutmMan and H. L. Morris. Am. Chem. Soc 
48, 2399 (1926): O. WicnuTeRLEe Chem. Abstr. 42, 556 (1948); 49, 1053 (1955). 
3) G. Leanprt, and P. Resora, Gazz. chim. ital. 87, 503 (1957) 
4) A. Manornt et al... J. Chem. Soc. 1168 (1952); Ibid. 4954, 4960 (1956); Jbid. 52. 1386 (1957): Gazz. 
chim. ital. 84, 3. 36, 47, 73, 606 (1954); J. phys. radiwm 15, 625 (1954); Experientia, 12, 49 (1956). 
5) G. Leanpri and A. Mawnornt, Boll. sci. fac. chim. ind. Univ. Boloana. In press. 
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the region of 400 mu, with increase of intensity, by substitution in the para- 
position of the benzene ring with some electron donor substituents. For example 
the N(CH,), group shifts the longer wave system to 408 mu, and raises the 


intensity from log e ~ 4-00 to log e ~ 4-50. 


1. Saturated thionylamines 
The alkyl-thionylamines (1), and also cyclo-hexylitrionylamine (see Table 1, 
Fig. 1) show the first absorption system as an inflexion at 310 mu, with very 
low intensity (loge ~ 1-50); the second is a band of regular shape and medium 
intensity (log e ~ 3-6), and occurs in the region; 230-40 mu with the maximum 
at 235 mu. 
Table 1. Alkyl-thionyvlamines 


Concentration Concentration 
Comp. Solvent 10-* g/litre g/litre 
Amax log Amax log ¢ 


300 697 


n-C,H, 3: 23: : 310 
n-C,H,, 23: 308 
cyclo C, (Fig 1) - 310 


n-( 23: 3: B05 
30s 

310 

310 

310 

308 


* Kp,. 
+ O4 g/l: nie n-hexane, cyclohexane 
Compound 1 [11 


Compounds 2-8, see Experimental 


If the hydrocarbon residue does not interact with the —-NSO group and the 
octet approximation is assumed, as in the following formulation of sulphur dioxide 
(11), the limiting valency structures for the saturated thionylamines will be (ITT), 
[6] the former (IIl,a) having presumably the greater weight in the mesomeric 
state because of the greater electronegativity of the oxygen atom. 

(il) 
(b) 


In the bent three-centre mesomeric system (LIL), which apart from its 
symmetry, is similar to that in sulphur dioxide (IL), the nitrite ion or the nitro- 
group, the atomic p-orbitals, which will form the 7-molecular orbitals, are parallel to 
each other and perpendicular to the common plane in which the o-bonds lie 
presumably in zig-zag form (see IV). If the s-electrons are not involved in the 


Also in agreement with dipole moment measurements, see K. A. JENseN and H. Hormayn, Ann. Chem. 
548, 05 (1941); Chem. Abstr. 38, 2021 (1944 For the angular structure, see also E. BERGMANN, et al. 
Chem Lhetr 25, 2611 (1931 

A. D. Watsn, J. Chem. Soc. 2266 (1953 

G. Herzpers, Infrared and Raman Spectra p. 105. Van Nostrand, New York (1945). 
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photo-excitation for the region under consideration , the electronic distribution may 
be formulated as follows (IV : x p electrons, . . . 7 bonds). 


= (IV) 


xx 


Therefore, we are concerned with a system containing eight p-electrons, 
which are enough to fill four of the five derived molecular orbitals. 


300 


Fig 


Now, following the considerations of Wa.su [7] for the similar sulphur dioxide 
molecule (with ten p-electrons: three g-orbitals and three z-orbitals: Fig. 2), 
and replacing one of the oxygen atoms by the RN-group, the main changes 
expected may be schematized in Fig. 3 and summarized as follows, the symmetries 


being in the usual notation [8]: 

(i) The non-bonding a,” orbital (dotted line in IV) will become partially a 
nitrogen orbital: hence, it will be considerably raised in energy, probably above 
the lone-pair sulphur orbital, since the energy difference between a,’ and a,” 
orbitals in SO, is only 4000 em}, 
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The near u.v. spectra of thionylamines 


(ii) The antibonding 6,” orbital will be considerably raised, because the reduced 
electronegativity difference between sulphur and nitrogen will cause this orbital, 
which is originally largely concentrated on sulphur, to become better distributed 
between sulphur and nitrogen; and therefore there will be a stronger repulsion 
between these atoms. 


4 


250 me 


Fig. 4. 


The overall result of the changes, if our considerations are correct, will be 
that the two first transitions in sulphur dioxide (weak but allowed transitions); 
namely 

a, —b,” 388 my [9] x-transition (n — 7*) 


a," —>b," 338 my [10] y-transition (7 
will be reversed in the NSO-group and shifted towards the u.v. region 
a,” —b," 310 y-transition 
a,b," 230-240 mya x-transition 


(iii) The y-transition in the 320 my region, is connected with the excitation 
of one non-bonding electron, shared between the nitrogen and the oxygen atom 
(see LV), to the b,” antibonding orbital: there is a 7—-7* transition, with its moment 
in the molecular plane, parallel or nearly parallel to the O---N or C--- Sline: 

(iv) the 2-transition in the 230-240 mu region, involves the excitation of 
one electron of the sulphur lone pair to the 6,” antibonding orbital: there is a 
n—7* transition, with its moment perpendicular to the molecular plane. 


9) N. Merrorouis and H. G. Beutter, Phys. Rev. 58, 1078 (1940); N. Merropo is, Ibid. 59, 106 (1941 
See also R. 8S. Muuiirken, Rev. Mod. Phys. 14, 204 (1942); A. O. Wausu, J. Chem. Soc. 2266 (1953 
10) M. Ducnesye and B. Rosen, J. Chem. Phys. 15, 631 (1947); A.O. Wausu,./. Chem. Soc. 2266 (1953). 
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2. Aromatic thionylamines (see Table 2). 


In thionylaniline, C,H,—NSO (compound 9, Fig. 4), the first transition, 
which in the aliphatic derivatives occurs at 310 my, is shifted to 321 my, with 
a large increase of intensity, log ¢ 1-50 + 3-90. It is consistent to attribute 
this result to a resonance effect of the NSO-group with the benzene ring, and 
extension of the “two-way” mesomerism of the thionylamine group over the 
aromatic system, according to the two valency structures (V). 


(Vv) 
+ 

The benzene ring being coplanar with the thionylamine residue, and the p-orbitals 

normal to the molecular plane. 

The small bathochromic effect, ~ 10 my, with the 300-fold increase of 
intensity, may be easily understood in terms of interaction with the allowed 
benzene transition £,, at 185 my, along or nearly along the y-axis (Figs. 3—5): 
as the pure £,, benzene transition lies so much higher in energy, the primary 
effect of the interaction on the long wave y-transition will be on its intensity, 
with only a small frequency shift. 

In p-substituted thionylanilines, with an electron donor substituent p- 
X—C,H,—NSO (X = CH,, Halogen, OAlk, C,H, : comp. 11-13—14-17-19-22, 
Fig. 6-7), the electronic interaction will extend from the substituent X to the 
NSO-group through the molecule as a whole, following the electronic shift shown 


below (VI). 


x N=5—6 (VI) 
4 


This is a “through conjugation’, and the bathochromic shift, with more or 
less increase of intensity, of the 321 mu band of the unsubstituted compound 
(C,H,—NSO), is to be expected. Obviously, with the p-dimethylamino group, 
the strongest electron donor substituent, the maximum shift of the band location 
with the maximum increase of intensity is observed: 


Amax 321 — 408 my, log ¢ 3-97 — 4-45 (Fig. 4). 


Electron donor ortho-X-substituents (X = Me, Cl, C,H, : comp. 10-12-21), 
have smaller and less regular effects, probably on account of twisting, which 
reduces or hinders the conjugation, and in the alkoxy derivatives (OMe, OEt; 
comp. 15-16-18, Fig.6) the band at longer wavelength is split, because the two 
chromophores —OAIk and NSO react independently on the benzene ring 
(see below also the case of the p-dimethylaminothionylaniline). 

As regards the para-substitution in the thionyl-aniline with a X-substituent 
of —M type, e.g. NO,, the following electronic shift (VII) is to be expected, 
because of the “two way” conjugation of thionylaniline: 


(Vil) 


F 
on 
wt 
427 


G. Leanpri and A. 


| 
| y 
y 
Fig. 5 
{ 
w 
= 
-NSO 
140 
. 
C-Hex 
j Ortho n-Hex 43-0 
meta n-Hex wi 
r 
| 15 
450 400 350 300 250 ms 
gz. 
n-Hex iw 
o 
i 
/ YIN 
13-5 
| | 
; 130 
j 
‘ 12-5 
450° 400 ©6350 300 “250 mp 
Fig. 7 
128 


The near u.v. spectra of thionylamines 


The longer-wave absorption band in p-nitrothionylaniline (comp. 26, Fig. 8) 


occurs at 320 my, and the through-conjugation is now extended from sulphur 
to the nitro group; but the o-nitro-derivative (comp. 24, Fig. 8) undergoes 
twisting. and in the m-nitro (comp. 25, Fig. 8) the nitro-group is conjugated only 
with the benzene ring (Amax. 260 my, log « 4-03). 

Now as regards the second absorption system of thionylanilines, attributed 
to an x-transition from the sulphur lone-pair orbital to the antibonding z-orbital, 
this is insensitive to the extra conjugation in C,H,—NSO, in which the band 
occurs at 232-37 mu, with log « 3°80. This is expected since the excited 
electron is not from the z-shell. Also the direction of the transition moment—being 
out of the plane of the aromatic ring (and of the molecule)—makes the transition 
incapable of interaction with any known non-Rydberg benzenoid transition. 

The small shifts from the original location, Amax 235 my, in alkylthiony! 
amines (1) would seem to be accountable as inductive or ortho-effects, or 
independent transitions of the substituted ary! residue, apart from the NSO-group. 
This is also the case for p-dimethylaminothionylaniline, which shows, on the 
shorter wavelength side, a broad B,,-250 mu band, transversally polarized in 
the benzene ring and overlapped by the 230-240 mua band of dimethylaniline 
(see also. x-naphthylthionyl-amine, comp. 23, Fig. 7). 

The positions of the spectral absorption in the thionyl-amines are summarized 
in Fig. 9 

Experimental 

The spectra were recorded with a Cary spectrophotometer, Mod. 11 MS 50, 
and measured in cyclohexane or n-hexane solution, as indicated in the Tables. 
The concentrations used were generally 10-2 g//. unless otherwise indicated. The 
absorption maxima in Tables | and 2 are given in mu and molecular extinction 
values in log e. 

teferences are given in the tables to the methods used in the preparation of 
the compounds; the following descriptions relate to the preparation of new 
compounds 

Saturated thionylamines (Table 1, comp. 1-8) These derivatives were 
prepared following the method described by Micuar iis and Srornpweck [11], by 
adding the thionyl chloride (1 mole in 20 ml ether) to the amino compound (1-5 
mole in 50 ml ether solution: benzene medium in the case of the cyclohexylthiony! 
derivative) and stirring (temperature about —2°C). The mixture was kept about 
Shr at room temperature, and filtered; the solvent was removed in vacuo, and 
a clear vellow oil was obtained, which was purified by careful distillation in vacuo 

The b p and pressures of distillation of the colourless oils are collected in 
Table |. and the elementary analysis in Table 3 (compounds are labelled with 
their number as in Table 1) 

Aryl-thionylamines (Table 2, comp. 9-26). The aromatic thionylamines, apart 
from the case of the p-dimethylaminothiony! compound, were prepared by the 
method of Micnariis and Herz [1]. The vellow oil was purified by careful 
distillation im vacuo 


1! \ HAELIS and O. Sroxrseck Ann. Chim. 274, 190 (1893 
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Table 3. 


N% 
Comp. 


no. 
Cale. Found. 


26-89 


The arylthionylamines are oily or crystalline compounds, yellow, orange or 
red in colour. The physical properties are collected in Table 2. 

For the preparation of the p-dimethylaminothionylamine (comp. 20) it is 
convenient to use triethylamine as neutralizing agent: the deep red product 
(b.p. 150-151, 4mm Hg) is dissolved in a little ether, filtered, and the solvent 
removed in vacuo. The pure product, red prisms, melts at 68—70 
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Abstract—A system ensuring the initial stability of conditions for the emission spectra of plant 
ash is achieved by the use of a carbon cathode and a graphite anode in an oxygen atmosphere. 
The selected shape of the graphite anode located on a water-cooled base partially controls the 
volatilization rate of the substance. The application of oxygen surrounding the electrode 
prevents are wandering, and minimizes the effects of the initial differences in the thermal 
conductivities of the carbon and graphite. Standard density of packing of the material in the 
anode together with lithium sulphate as a spectroscopic buffer assists stability of the are dis- 
charge. 
Introduction 

IN quantitative spectrographic work, it is only by strict control of the many 
factors involved that one can hope for reproducible spectra. In the d.c. are the 
thermal excitation source volatilizes the substance into an energized are column 
producing an emission spectrum. It is therefore necessary that stable emission 
conditions be afforded to achieve the reproducibility of spectral line intensities. 

The present investigation into are conditions was carried out to correct spurious 
effects which occasionally occur during routine analysis of plant ash, possibly due 
to variations in are conditions. The system to be described was designed to achieve 
these stable conditions. 


Electrode assembly 


The assembly was designed to accommodate selected shapes of electrodes, under 
conditions which would assist the temperature control of the anode in the volatil- 
ization of plant ash into the are column. 

The final form of the complete assembly Fig. 1 shows the method of supplying 
oxygen, the water-cooling of the anode, the quartz envelope and the draw-bar 
clamp for the cathode. The anode is located on a threaded spigot, the spigot 
being central to a ring of small holes supplying the oxygen which forms a column 
surrounding both cathode and anode. The upward sweep of the oxygen ensures, 
that after striking the arc, the pointed cathode (Fig. 2) burns to a taper with a 
rounded end, thus maintaining a point discharge during the life of the burn. 
These conditions are of the utmost importance in assisting stability and eliminating 
are wandering. The draw-bar clamp is of steel construction to withstand high 
temperatures, and the cam action for clamping gives correct positioning and ease 
in changing the cathode. The quartz envelope is bell-shaped with a hole in the 
bell sufficient to allow the draw-bar clamp to pass through. The envelope rests 
in a grooved ring in the steel base of the anode holder, and is placed in position 
after loading the electrodes. The water-cooling system of the base holding the 
anode is fed from the main water supply which is manually controlled. The 
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cooling of the anode not only assists in temperature control of the electrode but 
also ensures that each consecutively filled electrode receives similar temperature 
conditions. 


Fig. 1. The complete electrode assembly showing: (a) Wooden disk (mobile), for operating 

draw-bar; (b) Adjustable locking nut for cam; (c) cam for locking collet clamp; (d) shaft 

of draw-bar; (e) casing; (f) split collet clamp—pivot action, (g quartz envelope; (h) 

threaded spigot for locating anode; (i) oxygen nozzle; (j) water jacket with cooling fins; 
(k) water inlet and outlet tubes; and (1) oxygen supply tube 


Experimental method 
Previous experience has shown that irregularities in arc emission are probably 
due to the instability in the discharge gap and/or material in the electrode being 
subjected to a rapid increase in temperature. 
In this work consideration is given to the form or shape of the electrode and 


the quantity and composition of the material to be analysed. These considerations 


are examined in relation to stability of the are discharge under conditions which 
are favourable to excitation and which give maximum emission of element con- 
centrations within a defined burning time. 
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Carbon electrodes 

After many experiments, 5 mm carbon rod for the cathode and 10 mm graphite 
rod for the anode was chosen. The main point arising from the experiments using 
carbon electrodes, was the difference in time for the incandescence of electrodes 
with cavities of varying wall thicknesses, the increase in time being associated 
with increased wall thickness. 


« 
Fig. 2. Diagram showing carbon cathode top electrode and graphite anode bottom 
electrode. All dimensions are in millimetres 


The variation of incandescence associated with wall thickness was a point to 
be exploited, and if the rapid incandescence of a thin wall could be localized, some 
form of initial temperature control might be attained. 


(rraphite electrodes 

The measure adopted for localizing the incandescence of the thin wall of the 
anode was to reshape the electrode and to increase the mass in its base. Owing 
to the lack of larger diameter carbon rod, a graphite rod of 10 mm diameter was 
employed in the reshaping of the electrodes. Many shapes were made from graphite 
rods and the shape chosen was similar to that in Fig. 2. The anode was formed 
from a standard length of 10 mm diameter graphite rod, the rod being turned in 
a small lathe and shaped with a cutting tool designed in the laboratory. The 


shape of the anode (Fig. 2) is represented by truncated cone surmounted by a ring, 


the ring initially locating the incandescence or temperature. The continuation 
of the ring into the cone and its 1-5 mm thickness and depth is important in relation 
to the overall size of the electrode. The selected shape allows for a gradual increase 
in temperature which is partially controlied by the mass of the base in close contact 
with the water-cooled holder. 

The last critical dimension in the shape of the anode to be considered was the 
depth of cavity. In experiments with varying depths of cavity, Scorr [1] produced 
evidence that a standard depth of cavity for a known requirement was vital in 
obtaining reproducible results. Therefore, by a process of elimination, a 4-5 mm 


Rn. O. Scorr. Spectrochim 4, 73 (1950) 
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depth of cavity was accepted as the most suitable for the type of material (plant 
ash) to be used. 


Electrode loading 


The volume of the sample to be burned was kept constant, the sample consisting 
of 20 mg of powdered graphite mixture and approximately 1-5 mg + 0-3 mg of 
plant ash. The composition of the graphite mixture for these experiments, con- 
sisted of 25 per cent of silica in powdered graphite with palladium as an internal 
standard. This amount of material was filled into the anode with a small platinum 
spatula, and compressed with a stepped Perspex rod to a depth of 1-5 mm, leaving 
a 3mm depth of cavity above the sample. The dispersion of ash throughout the 
relatively large graphite content, and the consistent density of packing with a 3 mm 
distance from the rim of the electrode resulted in gradual subjection of the sample 
to an increasing temperature, thereby partially controlling the rate of volatiliza- 
tion of the sample into the are column. 


Carbon-graphite electrodes 

The combination of a carbon and a graphite electrode presented a further 
problem because of the differences in thermal conductivity causing the anode to 
reach a state of incandescence prior to that of the cathode. This condition made 
it possible for some of the elements in the plant ash to become volatilized into a 
discharge gap of unstable excitation. Although the differences in carbon and 
graphite incandescent rates were obvious, further tests under these conditions 
showed that spluttering of materials could be eliminated, but without improve- 
ment in reproducibility. 


Oxygen 

At this stage of the work the question of matching the differences in thermal 
conductivity of the carbons had not been answered. Primarily the introduction 
of oxygen into the system was to eliminate cyanogen bands, but the method of 
supply through small holes forming a column surrounding the electrodes enhanced 
the system twofold. The initial wandering of the are was reduced to a minimum 
and the carbon cathode reached incandescence at the same time as the rim of the 
graphite anode. 

The localization of the initial incandescence created stable excitation con- 
ditions prior the the volatilization of substances contained in the anode. The 
effectiveness of the system of applied oxygen with carbon and graphite electrodes 
is shown by the fact that not until approximately 10-20 sec after striking the arc 
did the state of incandescence gradually pervade the whole of the anode containing 
the sample. This important improvement meant initial stability in are excitation 
conditions promising a more reproducible emission. 


Spectroscopic buffer 

The materials employed in the previous experiments did not include the use 
of a spectroscopic buffer, as the information required was primarily that of initiat- 
ing stability of an are discharge favourable to emission spectra. Although the 
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emission curve shown in Fig. 3 (a) was encouraging the peak emission of palladium 
did not correspond with the peak emissions of the other elements. It was at this 


stage in the experiments that interest was shown in spectroscopic buffers as a 
means of minimizing these differences. Lithium sulphate was selected as being 


the most convenient, mainly because of the level of the lithium in plant ash is 
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Time /intensit urve plant ash using cavity anodes together with 


mmounts of lithir owing a) initial emission control with peak emission 


the addition of 0-75 mg of lithium improving the initial 
after 60 sec: (c) increased lithium 1:5 mg giving no control 


of emission 


very low and is not required for analysis. Initially the inclusion of buffer material 
into the system upset conditions and much work was undertaken before a com- 
promise was achieved 
rhe influence of the varying amounts of lithium sulphate with ash content 
|-5 mg will be seen from the curves in Fig. 3. Using no lithium sulphate (Fig. 
t)) the intensities reached their peak values after approximately 30 sec then 
off rapidly although the palladium intensity did not follow this trend. Fig 
3 (b) shows an improved stage in controlled initiation, the peak intensities being 
recorded after approximately 60 sec, with all intensities falling below peak values 
after a further 30 see. These conditions of peak emissions after approximately 
i) sec were produced by the addition of lithium sulphate equivalent to 0-75 mg 
of lithium. In the diagram Fig. 3 (c) the lithium sulphate equivalent was increased 
to 1-5 mg of lithium givinga 1: | ratiotoash. The effect of this increase in lithium 
sulphate was, initially to retard emission but later to allow an increased emission 
for some of the elements. This fact is emphasized in the curve for increased lithium 
Fig. 3 (c) where it will be seen that while the emission for lithium reaches its peak 


the suppression of the other elements is evident 


missior Curves 
The emission curves expressing spectral intensities were plotted from density 


readings of the elements, obtained from increments of 15 sec exposures 
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During the continuous 90 sec emission an exposure of 15 sec was taken, the 
plate was then racked down followed by a further 15 sec exposure. This procedure 
was continued making six exposures per plate for the entire emission. The density 
readings for the increments of the element were then plotted against time of 
exposure. 

The elements and the wavelengths used were as follows: Li 3232 A. Mg 2779 A, 
Pd 3258 A. Al 3082 A, Ca 3006 A, Fe 3020 A, and Mn 2949 A. 


Equi pm nt details 


Spectrograph. Hilger E492. Quartz optical system. 

Slit width, 0-017 mm. 

Wavelength range, 3500-2430 A. 

Photographic plate, [ford Ordinary N. 30. 

Light source, d.c. are 9 A controlled, 230 V. 

Upper electrode, Cathode. Carbon Rod 5 mm diameter with 450 Cone. 
Lower electrode, Anode made from 10mm diameter graphite rod as 


per diagram (Fig. 2). 


Are gap. 3-5 mm focused on slit of spectrograph. 
Exposure time. 90 sec. 
Sector Hilger rotating 2 : | six stepped sector. 


Conclusion 
The object of this work was to attempt to overcome spurious effects which 
can occur during are emission. The system is essentially one where all the modifi 
eations described are needed to give improvements in spectral emission. Where 
thermal excitation is a prime factor, the initial control of anode temperature is 
of the utmost importance. The employment of oxygen in the form described 
together with the differences in thermal conductivity of two forms of carbon 
assist in creating stable excitation conditions prior to the invasion of substances 
to be energized. The inclusion of a spectroscopic buffer in the system is another 
factor which, under certain conditions, give distinct advantages. The system of 
oxygen supply and the combination of the carbon and the shaped graphite elec 
trode give a relatively constant basis for emission once the depth of the cay ity and 


selection of spectroscopic buffer have been established 
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Abstract—The complete Raman spectrum of CrO,Cl,, obtained by excitation with helium 
radiations in the red and near infrared region of the spectrum, is re ported, The nine fundamental 
modes of vibration of the molecule, belonging to the C,, point group, are Raman-active and 
have been assigned to the observed frequencies. A normal co-ordinate analysis has been carried 
out and force constants have been calculated. The assignments reported for other sulfuryl and 


chromy! halides are discussed and some modifications are suggested. 


Introduction 
ELecTRON diffraction measurements by PALMER | 1] indicate a tetrahedral structure 
of chromy! chloride, and the molecule belongs to the C,, point group. The molec- 
ular constants obtained from these measurements are shown in Table | the data 
from which were used for the numerical calculations of the F and G matrix elements 


in the normal co-ordinate treatment to be discussed later. 


Table 1. Interatomic distances and interbond angles of CrO,Cl, 


r (A) Cr—Cl 
R (A) Cr—O 
Cl—Cr 
O—Cr 
Cl—Cr 


It seems that novibrational spectral data on chromy! chloride have been reported 
before the beginning of the present work. However, during its progress Hopss 
[2] described the results of infrared absorption measurements on gaseous CrO,Cl, 
in the 2-25 4 range. In this region four of the nine fundamental vibrational 
modes of the molecule were observed, and the values of the observed frequencies 


and their assignments agree satisfactorily with our results. 


Experimental 


Chromy! chloride was prepared by distillation of a mixture of concentrated sulfuric acid 
with the solid formed by melting together sodium chloride and potassium chromate. The crude 
product was purified by repeated distillation through a fractionating column, the fraction 


* This work was supported by the ““Conselho Nacional de Pesquisas” Rio de Janeiro; the writers 
are grateful for the facilities created by the aid of the C.N.Pq 
+ Fellow of the University of Sio Paulo; permanent address: Osaka Municipal Technical Research 
Institute, Osaka, Japan 
1} J. K. Pater, J. Am. Chem. Soc. 60, 2360 (1938). 
2} W. E. Hoss, J. Chem. Phys. 28, 1220 (1958). 
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boiling between 110° and 112° (at 690 mm pressure) being distilled directly into the Raman 


tube. 

Chromy] chloride is a garnet red liquid scarcely transparent to the He-radiation 
5875-6 A and completely opaque to shorter wavelengths. Therefore, the Raman 
spectra had to be excited in the far-red and near-infrared region of the spectrum 
using the spectroscopic techniques previously described by one of us [3]. We 
obtained the complete Raman spectrum by excitation with He 6678-2 A and 


7065-2 A. and the stronger Raman shifts were observed also when excited by He 
7281-4 A. 

taman spectra of good quality are made more difficult to obtain because of 
the photochemical instability of CrO,Cl,, and even the He-radiation 5875-6 A 
decomposes the compound and causes a rapidly increasing turbidity of the sample. 
The radiation emitted by the helium discharge tube of our excitation unit had 
to be filtered with particular care in order to prevent the photodecomposition of 
the compound. The liquid filter consisting of a 1 mm layer of a saturated aqueous 
solution of sodium dichromate, currently used in this laboratory, proved to be 
unsuitable for prolonged exposures, since it was necessary to redistil the sample 


every 10 min. 

When long exposure times were needed it was preferable to use as filter a 
solution of potassium polyhalides consisting of equivalent parts of KBr and I, 
in an aleohol-water mixture. This solution contains chiefly the ions (Brl,)~ in 
equilibrium with (IBr,)~ and (I,)~ and is relatively stable. In this way exposures 
up to 5 hr were possible without the necessity of changing the sample. 


The spectrograph was provided with a 600 grooves/mm grating blazed for the 7500 A region 


in the first order. Different cameras were employed, the most luminous one of aperture 1 : 1-9 


giving a reciprocal dispersion of approximately 150 wavenumbers/mm at 7500 A. Usually, 


the spectra were taken with this low dispersion. However, in order to resolve completely the 
Raman shifts 216/230 em! and 984/994 cm™~! it was necessary to use a camera of greater focal 


length and to reduce the intensity of the strongly polarized Raman line 984 em™~' by excitation 


with polarized radiation. 
taman shifts, excited by He 6678-2 A, were recorded on Kodak 103aF- 


The low frequency 
plates with exposures ranging from 3 to 20 min using the most luminous camera. The spectra 


in the far-red region were registered on hypersensitized Kodak I N-plates and needed consider- 


ably longer exposures. For the spectra taken with higher dispersion and for the polarization 


measurements exposure times up to 5 hr were necessary . 


The polarization measurements were only qualitative. Our excitation unit consists of a 
the direction of incid- 


helium discharge tube wound as a helix around the Raman tube. Hence, 
ence of the exciting radiation is not sufficiently defined for the correct determination of the 


depolarization factors. We are not able to distinguish between weakly polarized and depolarized 
0-5 or 0-4) are unambiguously identi- 


lines, but strongly polarized shifts (corresponding to p 
fied. Such shifts are indicated by P (Table 2, column 6); some doubt exists with regard to the 


state of polarization of the Raman line 144 em 1, marked p, but it is almost certainly weakly 


polarized. 


The observed Raman shifts, their estimated intensities and state of polarization 
are listed in column 6 of Table 2 and may be compared with the infrared data of 


Hosss [2] given in column 5. 


3) H. Srammreicn, Spectrochim. Acta 8, 41 (1956) 
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Assignment of normal vibrational modes, observed and 
calculated frequencies of CrO,Cl, 


Approximate description 1.R.(gas) Raman (liq) 
of normal modes Hosss [2] this work 


Cr-—O stretch sym. 984 (10) P 
Cr—Cl stretch sym. é 465 (10) P 
O—Cr—O bend 357 (5) P 
Cl—Cr—C1 bend 144 (8) p 


Torsion (twisting) 216 (3) 


Cr—O stretch antisym. 994 (4) 
rocking 230 (6) 


Cr—Cl stretch antisym. 
rocking 


Calculated 
values 


Assignment of frequencies 

The observed Raman spectrum of chromyl! chloride is fully consistent with a 
C,, structure of the molecule. The nine fundamental modes of vibration of a 
pentatomic molecule, having this symmetry, belong to nondegenerate species and 
all are Raman-active. Eight of them are active in the infrared, the exception 
being the A, torsional mode. The involved symmetry species, their activities and 
numbering are listed in columns | to 3 of Table 2. In column 4 a description of 
the corresponding vibrational motions is given; although such a description is 
only roughly approximate since the different types of motion are expected to 
couple. 


As far as the antisymmetric species are concerned it should be noted that the two normal 
planes containing the C, axis and the chlorine and oxygen atoms, respectively, are equivalent. 
Thus, the assignment of the normal modes belonging to species B, and B,, respectively, is 
arbitrary. In this paper the CrO,-plane is taken as reference, and the same notation is used 


in the assignments made for chromy! fluoride by Hopss [2] and for sulfuryl fluoride by Perkrys 


and Wurison [4]. Various assignments for sulfury! chloride have been reported [5-7], and 
in the first of these the normal modes assigned to species B, and B, were interchanged. The 
spectra of these related molecules and the suggested assignments will be discussed in the final 
part of this paper. 


The assignment of most of the observed Raman shifts to the fundamental 
modes of vibration of CrO,Cl, can be made in a straightforward way. The four 
totally symmetric modes (species A,) are identified by the state of polarization 
of the respective Raman lines. The two higher frequencies are assigned to the 

W. D. Perkins and M. K. Wirsow, J. Chem. Phys. 20, 1791 (1952). 

LANDOLT-BORNSTEIN, Zahlenwerte und Funktionen Vol. 1, pt. 2, p. 272. Berlin (1951 


R. Voce.-Héerier, Acta Phys. Austriaca 1, 323 (1948 
H. Sreserr. Z. anorg. u. allaem. Chem 275, 210 (1954). 
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Cr—O and Cr-—Cl stretching motions, the two lower ones to the corresponding 
bending modes. The frequencies of the antisymmetric stretching vibrations are 
expected to be higher than those of the symmetric ones, hence 994 cm~' is assigned 
readily to v, (B,) and 497 em~! to vr, (B,). 

There remain unassigned the three neighbouring frequencies 216, 230 and 
263 cm~', belonging to A, torsional vibration and to the two rocking modes of 
species B, and B,, respectively. Our assignment of the frequencies to these 
fundamental modes is based upon the results of the normal co-ordinate treatments 
to be discussed below. The calculations, as regards the rocking and twisting 
vibrations, lead to the conclusion that the lowest of the three frequencies should 
be assigned to the v,-mode, and also that v,(B,) <»,(B,). This result, if not 
completely free from doubts, is obtained with a reasonable degree of certainty 
and the most reliable set of force constants has been calculated on this basis. 


Normal co-ordinate treatment and calculation of force constants 


A normal co-ordinate analysis has been carried out using WILSON’s F G matrix 
method and, as a starting point, the most general quadratic potential function. 
Subsequently some simplifications were introduced in order to obtain reasonable 
values for the more significant force constants. The internal co-ordinates used 
(only one of each type) are shown in Fig. 1. 

The quadratic potential function used for the calculation of force constants 
is the following: 


2V = + f,(AR)*® + f,(rdx)? 


 f,(RAB)?] +2 Ag,,)* 
] 


tJ 


2 [f,(Ar)(Ar,) 


ij=1 


2 (rAx) rR Ag,,;)}(Ar,) if. (RAP) 


ij=l 


frA(VrR Ag,,)(AR)] 


2S [ff,,(rAa) + Ag,,)] 
i,j=1 
rR Ag,;)(V rR Ag ix) 


rR Ag;,)(V rR 
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In the above expressions the symbols used for the interatomic distances and 
interbond angles are those of Fig. 1; their numerical values used for the calculation 
of the F and G matrix elements are listed in Table 1. Whenever it is necessary 
to distinguish between identical atoms, the subscripts i,j,k are applied; when 
two subscripts are applied to the same symbol the first refers always to the chlorine 


atom and the second to the oxygen atom. 


{Cr 


» 


A 
a 
(Cl. 
Fig. 1. C,, model and internal co-ordinates of CrO,Cl,. 


This potential function has been derived from the most general quadratic 
expression by making the following simplifying assumption: 


= Sup =I 


Vik tok 


The first four of the above constants refer to interactions between bonds and 
non-adjacent angles, the latter two represent the interactions between opposite 
angles. Such interactions are expected to be very weak and it seems reasonable 
to neglect them. 

The setting up of the symmetry co-ordinates and of the F matrix elements is 
routine and will be omitted. 

The G matrix elements, related to kinetic energy, were calculated according 
to the general formulas given by Decivs [8]. Since the interbond angles are 
assumed to be those observed by electron diffraction measurements, and not 
those of the regular tetrahedron, the expressions for some of the @ matrix elements 
become rather cumbersome and will not be given here in detail. 

Our simplified quadratic potential function still contains sixteen constants 
to be determined by only nine frequencies. Thus a unique solution is not possible 
and one must resort to the assumption of certain values of some of the numerically 
less significant force constants. The values of some constants, such as f,, | 
f,..,, and the sums (fp + fp») and (f, + f,,) were obtained almost unambiguously 
from A,, B, and B, species. The values of some other potential constants, related 
to interactions that may be expected to be comparatively very weak, were assumed 
as being equal to each other. 

The set of force constants finally adopted, in best agreement with the observed 
frequencies and the given assignment, is listed in Table 3. Their values were used 
to calculate the fundamental frequencies of chromy! chloride, the results, shown 
in Table 2. column 7. are in excellent agreement with the observed Raman spec- 


trum. 
As a check on the given assignments another normal co-ordinate treatment 
was carried out, using a modified Urey—Bradley potential function given by 


8] J. C. Decrus, J. Chem. Phys. 16, 1025 (1948). 
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SimmANovTI [9]. Stmanovuti’s modification of the original Urey—Bradley field is 
characterized by the introduction of a “intermolecular tension constant’? and 
has been successfully applied to tetrahedral molecules belonging to the 7',, Cs, 
or point groups. 


Table 3. Force constants for the C,,, model of CrO,Cl, 


Constants related to Force constants (mdyn/A) 


Stretching 


Bending 


Interaction of bonds 


Interaction of 


interbond angles 


Stretching—bending 


interaction 


Bearing in mind the limited aim of this analysis, some simplifying assumptions 
were made. The potential function contains twelve force constants, six of them 
are related to central force terms between nonbonded atoms. For the latter it 
was assumed that, 


This approximation is made on the basis of the results obtained for other tetra- 
hedral molecules with C,, (or C,,) symmetry. Furthermore, regular tetrahedral 
interbond angles were assumed to simplify the calculation. 

The force constants calculated in this way were used to obtain the frequencies 
of the normal modes of chromy! chloride. Although the agreement between the 
observed and calculated values is not as good as in the case of the more general 
quadratic potential function, the results confirm our assignment in an unam- 
biguous manner. The differences between observed and calculated frequencies 
were at the most 10 cm~', the mean deviation was 2 per cent. Considering the 


simplifying assumptions referring to bond angles and potential constants, the 


agreement seems very satisfactory. 


Vibrational spectra of related molecules 


It has been mentioned above that vibrational spectra and assignments of the 
two sulfuryl halides and of chromy!] fluoride have been reported previously. The 
assignments of the normal modes of sulfuryl chloride are based upon Raman 
spectral data given by various authors, most recently by VocreL-Hée ier [6]. 


[9] T. Stmanoutt, J. Chem. Phys. 17, 245 (1949). 
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The different experimental results disagree only in minor details and the corres- 
ponding assignments [5-7] are made in a manner similar to the present work, 
e.g. guided to a large extent by the evidence of polarization measurements. Con- 
sequently, only the frequency assignments to the twisting and rocking modes 
are subject to correction. 

The assignments for the two fluorides, however, are based upon infrared 
absorption measurements and seem to be more questionable for the following 
reasons. The A, mode (v,) is inactive in the ir. and some of the low frequency 
fundamentals, corresponding to bending, rocking and twisting modes, lie beyond 
the range of the employed spectrometers. Hence these fundamentals must be 
estimated from combination bands. Since the selection rules for molecules belong- 
ing to the C,, point group allow in the i.r. all first overtones and binary combin- 
ations, except B, B, = A, and A, * A, = Ay, it can hardly be expected 
that an unambiguous assignment will be obtained in this way. Moreover, the 
discernment of symmetry species by polarization measurements which apply to 
Raman spectra, is not possible by the conventional infrared techniques. 

The observed vibrational spectra and the reported assignments of the related 
molecules, together with our data on chromyl chloride, are listed in Table 4. 

SIEBERT [7] calculated the main force constants of sulfuryl chloride and fluoride, 
using the F G matrix method and a potential function with seven force constants, 
related to the stretching and bending motions and to the interactions between 
identical bonds. Perkrys and WILSON [4] carried out a partial analysis of sulfuryl 
fluoride, restricted to the A,, B, and B, species; the writers made use of the most 
general potential function. Since the calculations were not extended to the A, 


lable 4. Assignments of fundamental modes of sulfurvl and chromy! halides 


(g SO,CI, (liq.) CrO,F, (gas) CrO,Cl, (liq.) 


Raman [5 ir. {2 Raman (this work) 


1006 


S04 


(182) 
(422) 


1O16 


ited either trom comlun 
species, no definite values of the valence force constants were obtained. The 
above results are too incomplete to be helpful for a critical check on the frequency 


assignments given for these related molecules. 
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Therefore, a comparison of our results on CrO,( ‘l, with the known spectral 
data of SO,Cl,, SO,F, and Cré ),F, might help to elucidate some problems in the 
assignments of the normal modes of the latter molecules. 


Sulfuryl chloride. The assignments of the observed Raman shifts to the sym- 


metric and antisymmetric stretching modes and to the symmetric bending modes 
is consistent with our results on Cr ,Cl,. The remaining three frequencies belong 
to the twisting and rocking modes. Using the known molecular constants of 
SO,CI, we calculated the numerical values of the G matrix elements related to 
these fundamentals. Neglecting all interaction terms, the result of the calculations 
suggests that »;(A,) < (B,) < (B,), as found in the case of CrO,Cl,. Hence 
we suggest the following assignment: A, species, 1184, 556/63, 403, 210: A, 
species, 278; B, species, 1412, 358; B, species, 580, 387. 

Sulfuryl fluoride. Despite the fact that the i.r. absorption spectrum has been 
investigated with a spectrometer equiped with a thallium bromoiodide prism, 
covering the spectral range down to 240 em-!, no absorption bands below 539 em~! 
were observed. A check on the experimental data, however, seems to be desirable. 
Perkins and WILson [4] observed three incompletely resolved absorption bands 
near 550cm~", All were assigned to fundamental modes, namely to v5, », and 
vg on the basis of the following consideration. The transition of a AB,-molecule, 
belonging to the 7’, point group, to a tetrahedral A B,C,-type with C,, symmetry 
is expected to cause the splitting of the triply degenerate modes (species F’,) into 
three nondegenerate components belonging to species A,, B, and B,, respectively. 
In cases of only a small perturbation of the 7’, structure the frequencies of the 
resulting nondegenerate vibrations might be expected to lie close together. Hence 
the three bands near 550 em~! were assigned to the bending modes Va, Ve 
and 

[t should be pointed out that this argument is not conclusive. Apart from the 
fact that the structure of SO,F, shows a very considerable deviation from that 
of the regular tetrahedron, larger than the other sulfuryl and chromy! halides, 
it seems to us that such reasoning is only admissible in cases where the elastic 
strengths of the different interbond angles (and of the different bonds) are of the 
same order. This is certainly not the case of SO,F,. Now, the Ve mode involves 
essentially the in-plane bending of the O—S—O angle whereas in the rocking 
motions vy; and v, the deformations of the O—S—F angles are predominant. It 
seems only reasonable to expect for the latter fundamentals frequencies inter- 
mediate between », and », as verified for the related compounds listed in Table 
1, that means values around 400 or 450 em=". 

However, no absorption bands have been observed in the region of these 
expected frequencies of vy, and vy, but the same is true for the F—S—F bending 
mode (v,) which is equally active in the i.r. and whose frequency the writers 
estimated to be near 300 em—!. 

An analysis of further observed absorption bands in terms of binary combin 
ations does not lead to unambiguous results. A comparatively intense band was 


1 


found at 767 cm~' and consists apparently of two well resolved maxima situated 


at about 760 and 780em~-!. PERKINS and WILSON assigned this band to 2r. 


(A,*), but 385 cm! seems rather too high for the torsional mode of vibration. 
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as compared with the corresponding values of the related molecules. An assign- 
ment of the two absorption maximas to r, v(A, B,) and to r,; vglA, B,) 
is equally consistent with the selection rules and perhaps more compatible with 
what would be expected. If this assignment is accepted, one of the three bands 
found near 550 em~! could be ascribed to the first harmonic of v,(A,*) giving the 
reasonable value 275 em~! to the fundamental 

Owing to the lack of experimental data, other possible assignments cannot be 
excluded. An estimate of the relative frequency values corresponding to the 
twisting and rocking vibrations, made in the above described manner, suggests 
that <v, Thus, a reinvestigation of the i.r. absorption spectrum of 
sulfurv! fluoride in the spectral range below 500 cm ' using higher gas pressures 
or longer cells. would be most desirable. In the absence of the results of a more 
complete experimental treatment the following tentative assignment might be 
suggested: A, species, 1260, S48, 555 275; A, species, (~540); B, species, 1502, 
(~440); B, species, 885, (~420). 

Chromyl fluoride. The assignment given by Hosss | 2] is based on i.r. absorption 
measurements and follows to a large extent the assignments reported for related 
molecules and particularly that of Perkrys and WILson [4] for SO,F,. The 
frequencies assigned to ¥,, and are consistent with the assignments 
viven for the related compounds and with the preceding discussion. However, 
the frequency 304 cm~', assigned to the O—Cr—O bending mode yr, seems defin- 
itely too low when compared with the corresponding values of the three other 
molecules. A band found at 364 cm~' and assigned by the writers to 2y,(A,*) 
would fit the expected value of r, satisfactorily. The strong band 304 em~! could 
then be assigned to another fundamental mode and we believe that »,( B,) should 
he chosen 

The frequency 422 cm | assigned to the v5(A,) mode, is almost certainly 
much too high for the vibration. It cannot be expected that the torsional \ ibration 
has a frequency considerably higher than all other deformation modes, including 
the O—Cr—O bending vibration. The frequency 259 em~', observed only as 
first harmonic at 518 em~!, would agree well with the expected value of the tor 
sional mode 

Now a frequency must be assigned to the symmetric F—Cr—F bending motion 
v (A, Hopes interpreted the absorption band 364 as the first overtone 
of this fundamental. Since we have assigned 364 cm~' already to », we must 
look for another combination band that contains possibly the vr, component. An 


obvious possibility is 572 em~', assigned by Hopss to rv, + r9(A, B,), but 
which should now be assigned to », + ¥,(A, A,). This would give 208 em~ 


for v,. a value that in our opinion is more satisfactory than 182 cm~'. 

Hence the following assignment of frequencies to the normal modes of chromy! 
fluoride is suggested: A, species, 1006, 727, 364, 208; A, species, 259; B, species, 
1016, 274; B, species, 7589, 304. 

Finally it may be of interest to compare the frequencies of the S—O and Cr—O 
stretching motions in related molecules. The S—-O bond in the sulfuryl halides 
(and in other sulfur oxygen compounds) is known to be in part polar and the S—-O 


distance is markedly lower as expected for a normal double bond. The S—O 
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distance in sulfuryl fluoride has been determined by microwave measurements 
[10] to be 1-37 + 0-01 A, that is the shortest known sulfur oxygen bond length. 
The result has been interpreted as a consequence of the increased importance of 
a triple bond resonance structure |4], and the much higher frequencies of the S——O 
stretching vibrations as compared with the corresponding Cr—O frequencies in 
the chromy! halides support this argument. 

Still more significant is the fact that the frequencies of the symmetric and 
antisymmetric oxygen stretching modes, vy, and v, respectively, lie close together 
in the chromyl compounds (Av,, = 10 cem~') whereas they are separated by 
several hundred cm~! in the sulfury] halides (Av,, ~230 cm-'). We believe that 
the results with the latter compounds points strongly to a variation of the effective 
charge of the atoms involved and of the effective bond dipole moments during 
the vibration. 

A comparison of the frequencies of the symmetric Cr—O stretching modes 
of vibration in the chromate ion [11], dichromate ion [12] and in the chromy] 
halides shows that the Cr—O bond in the latter compounds must be regarded 
as a normal double bond. The respective values are 859 em~' for (CrO,)?-, 904 
em~! for (Cr,0,)*~, 984 em~! for CrO,Cl, and 1006 cm~! for CrO,F,. In the case 
of the chromate ion six equivalent resonating structures can be written down, 


each of them possessing two single and two double bonds. In the dichromate 


ion the mesomerism is restricted to the outer CrO, groups since the Cr—O—Cr 
bridge is formed by single bonds; in the chromyl! halides we have normal double 
bonds. The expected increase of the Cr—O bond order is well demonstrated by 
the increase of the Cr—O stretching frequencies in the given sequence. 


Note added in proof.—Attention is called to a forthcoming paper by MILLer, 
CARLSON and Wuire, dealing with the infrared and Raman spectra of chromy! 
chloride, in which a complete assignment of the fundamental modes of vibration 
of the molecule is also arrived at. The spectral data reported and their inter- 
pretation are in excellent agreement with our results, except one minor detail: 
Miter ¢f al. found in the ir. and Raman spectra coincident bands at 211 and 
212 cm~', respectively, (corresponding to our 216 cm!) whereas no counterpart 
of the Raman shift 224 em~' (our 230 cm~') was observed in the i.r. Thus they 
were led to assign the latter frequency to the i.r.—inactive A,—species (v,) and 212 
cm™~! to the B,-mode v,. In view of this new i.r. evidence, we agree entirely with 
MILLER’s assignment. The two interchanged frequencies differ only by 14 em", 
hence the calculations of force constants in the present paper will be scarcely 
affected. We feel most grateful to Dr. Form. A. MILuer and his collaborators for 
having given us the opportunity to learn the details of their work in advance of 
publication. 

10) R. M. Frisrrom, J. Chem. Phys. 20, 1 (1952) 


{11} H. Stamm™rercea, D. Bassi and O. Sara, Spectrochim. Acta 12, 403 (1958 
H. D. Bassi, O. Sava and H. Steperr, Spectrochim. Acta. 18, 192 (1958 
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Abstract An axial multiple-reflection cell of optical path length about 2m has been designed 


tor 


| ine 


vith a Perkin—Elmer 12 spectrome tel The basi optical theory is discussed and the 
important constructional details are given. The special features of this cell are its relatively small 


volume and its robust construction which makes it suitable for use with gases at high pressures. 


Ix some preliminary studies of the absorption spectra of mixtures of compressed 
gases it became apparent that many of the more interesting systems did not give 
sufficient absorption to allow study in one of the shortpath high-pressure cells which 
we have described previously [1]. Although we had available a multiple-retlection 
cell built on Wurre’s design [2], its construction was not particularly well suited to 
the high pressures we required. Also, the large volume of the White cell, which was 
about 6 1., limited us to the study of gases which were available in bulk. We have 
overcome both these limitations by constructing a compact axial multiple-reflection 
cell, the optics of which are readily accommodated in a small space. 

The optical design of this cell is not entirely new; the principle of the axial 
mounting of spherical mirrors was originally described by PruNpD [3] and reference 
to a multiple-reflection cell of this type has been made by Lecomte [4]. We have 
designed the cell for use with a Perkin—Elmer model 112 infrared spectrometer, 
although some modifications of the fore-optics were necessary as the cell requires 
an image of the source in both entrance and exit beams. 


Basic optical theory 

At each end of the cell is a perforated concave mirror of focal length L/c, where 
L is the distance between the mirrors. The problem is to find the values of ¢ for 
which the light enters at a focus through the slot in mirror B and, after an appro- 
priate number of passes, is imaged on the slot in mirror A. Fig. | shows the cell 
with five passes and indicates the notation we shall use. 

Now for this to be the case there must be an odd number of traversals, say 
(2n 1), and the central traversal (i.e. the (n + 1)th) must either form an image 
at the centre or be a traversal in parallel light. Therefore, our solution must fulfil 
the conditions 

Pia L 
Pro A 
D. Dickson, I. M. Mriis and B. Crawrorp, Jr., J. Chem. Phys. 27, 445 (1957). 
U. Ware, J. Opt. Soc. Am. 32, 285 (1942 


H. Prunp, J. Opt. Soc. Am. 14, 337 (1927 


Lecomte, Columbus Symposium on Molecular Structure and Spectroscopy 1956). 
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I'he design and construction of an axial multiple-reflection absorption cell 
the “thin lens formulae’, e.g. 


(1/py 4) + a) 


and geometrical requirements, e.g. 


Pse 


Fig. 1 a) Optical path for five traversals, central traversal in parallel light 
b) Schematic representation of Fig. l(a) indicating the notation: y is the semidiameter 
of the beam at the mirror surface and the distances p are measured along the optical axis 


As we wish to keep the volume of the cell containing the optics as small as 
possible we shall examine the semi-diameter of the beam as the light passes through 
the cell. Again, using the “‘thin lens formula” we may relate the sucessive y, by the 
equations 

Pe 

Y¥3 = "32 

, ete. 

Using equations (2) and (3), we find that 

= — (1/1) 
This reasoning may be extended to give the general recursion formula 

which we may use to calculate the ratios of the semi-diameters of the beam at 


successive reflections. However, it is more useful to consider the y, rather than the 
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rs. Combining equations (3) and (4), we 
formula 


find that the ¥, are given by the recursion 


Y; +1 2)y; 1 (6) 


This relationship provides an easy 
traversals. We may translate the condi 


way to find the values of ¢ for (2n 4 1) 
tions stated in equation (1) to 


Yor 0 


(7) 


where the positive sign corresponds to the middle trave 
negative sign to the central] image. 


rsal in parallel light and the 


It is more convenient to introduce here a parameter / 


¢ — 2. Taking y, , = 1, 
we may use equation (6) to calculate the y, for the second, third and higher reflec- 
tions as functions of 8: these are given in Table 1. It only remains to substitute 
the appropriate values of ¥,., and y, in equation (7) to determine the value of 8 for 
any number of traversals. The first few solutions are shown in ‘Table 2. We have 


Table I. Semi-diameters at SUCCESSIVE 


Yo 


reflections as functions of parameter 


Yo 


lable 2, Values of 


} for different numbers of traversals 


Number of 


traversals 


Equation (9) p 


2 l 0 0-618, 1-618 
7 0-445, + 1-247, + 1-802 


0-456, 


1-000, 


0-285, 


found empirically that the value of 
equation 


P is given to a good approximation by the 


(1/f,) 0-37 0-66" 


although the origin of this relationship is not clear to us at present. 


Choice of solution appropriate to our re quirements 


Quite clearly our requirements are threefold, namely: 

(1) We wish to get the largest number of passes through the cell. 

(2) As the volume of the cell is important, 
of the beam from becoming too large. 


we wish to keep the semi-diameters 
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The design and construction of an axial multiple-reflection absorption cell 


(3) We shall have to pierce holes in the mirrors for the light to go in and out 
and these holes will have to be big enough to accommodate the image of the 
front slit of the Perkin-Elmer spectrometer. Therefore we do not want the 
semi-diameter of the beam to become too small as we should lose an 
excessive fraction of the light through the hole. 

In Fig. 2 we have plotted y, against f for all the solutions shown in Table 2. 


Fig. 2. Plot of semi-diameter of beam, y, against f for different numbers of passes. This 
graph provides the basis on which the final choice of design was made: (a) 3 passes, y, Yoi 
(b) 5 passes, Yas Yeo Ys; 7 passes, Yes Ue Ys Us (dj) 9 passes, 

Yar Ye Ys. Ys Yor Ua y;; (e) passes, y, Yio» Ye Yo. Us Yar U4 Yrs 


4s Ye; (f) 4 passes, Ys; (2) passes, y, YoU Yor Ws * indicates false root 


On inspection of this plot, we see that in the eleven-pass solution the values of y 
become inconveniently small. There are two solutions shown with nine passes; 


the one corresponding to £ 1-000 is extremely attractive but unfortunately it 


corresponds to a false root (i.e. all the light goes out on the third pass).* Therefore 
for our purpose it seems that the most reasonable solution will be that with seven 
passes, central pass in parallel light, in which case the semi-diameter of the beam 
is never less than 0-445 y, at the mirror surface. 


Detailed design of the cell 


For our purpose it proved to be more convenient to build a cell with a fixed 
optical path length of about 2 m, with seven traversals. This fixes the geometric 
length L at about 30cm. The aperture of the incoming beam is the same as that 
of the Perkin-Elmer spectrometer and this, together with the cell length, determines 


* It is interesting to note that there are also solutions with 4, 8... passes where the light enters and 


leaves the cell at the same end. 
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the maximum semi-diameter of the beam at the first reflection, i.e. y, , tom. 

The slots in the mirror surfaces were made 16 mm high by 4 mm wide and were 
tapered at an angle of 10° for clearance of the entrance and exit beams. Although 
there is some loss of light through the holes in the mirrors, we have been able to 
match this loss with a second instrumental loss due to the interruption of the light 
beam by the thermocouple. Therefore the net loss of light in the multiple-reflection 
cell is just that incurred at the reflections from the mirror surfaces. As the fore 
optics of our spectrometer do not require images of high quality, we did not consider 
aberrations, but simply used two spherical mirrors*; radius of curvature 386 mm, 
and diameter 8em. This approach was justified when we set up the optics as we 
were able to resolve easily the coils in the filament of a lamp when imaged after 


sevel passes. 


of multiple “ I a) KBr window; (b) Teflon “*O” ring: 
d) mirror; (e) woods metal and glyptal seal; (f) hexagonal 


section: mi r mount 


The body of the cell was made from “‘leaded”’ or “‘free-turning’’ brass designed 
to withstand a pressure of 2000 Ib/in® with a safety factor of 5. Both ends of the 


cell are identical in construction and in Fig. 3 we show one end. The plugs have a 
hexagonal section which allows them to be tightened with a wrench to compress the 
Teflon ““O” ring which forms the gas seal. The gas inlet is set tangentially in the 
center of the cell. This feature gives a turbulent flow into the cell and promotes 
mixing of the gas samples 

In order to conserve space we have used a fairly novel mirror mounting. The 


mirrors were cemented to ,'gin. thick brass plates, and these in turn were mounted 


on the cell body with spring-loaded screws. The latitude of adjustment on each is 
3zin. which proves to be sufficient for alignment of the mirrors. 


rrors were made by Perkin-Elmer to our specific ations \W gratetully acknow 
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The design and construction of an axial multiple-reflection absorption cell 


The calculated volume of the finished cell is 1574 +- 2cm*, For our purposes 
we shall require the exact length of the optical path. By Fermat's principle, all 
paths are equivalent and the optical path length may readily be measured along the 
axis of the cell. 

As we noted above, the only real disadvantage of this design for a multiple- 
reflection cell is that the source-optics of the spectrometer must be rearranged to 
provide two intermediate foci 30 cm apart. This readjustment of the source optics is 
no problem in actual use; however it made it difficult to measure the transmission 
of the cell by comparing the intensities of beams “‘with cell” and “‘without cell.” 
Such measurements indicated a transmission of approximately 70 per cent. Purity 
of the beam, i.e. satisfactory elimination of light which has undergone fewer tra- 
versals than seven, was also demonstrated by good agreement of intensity data 
taken with this cell and data taken with ordinary cells [5]. 
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Dosage de l’oxygéne et de l’azote dans des échantillons de titane, au 
moyen d’une étincelle condensée dans le vide d’un type particulier 


J. Romanp. G. BaLLorret et B. Vopar 
ore des Hautes Pressions du Centre National de la Recherche S« rentifique, 


Bellevue, Seine et Oise, France 


Abstract—A description is given of a triggered three electrode vacuum spark, consisting of a 
main analytical spark initiated by a second auxiliary vacuum spark. The advantages of this 
arrangement for spectrochemical analysis are discussed, and some results are given concerning 
an application of this source to the determination of the oxygen and nitrogen contents in titanium 


samples in the far ultra-violet region. 


Introduction 

Les métallurgistes reconnaissent généralement |’ importance de la détermination des 
gaz dans les métaux, en raison de l action nuisible exercée par ces éléments sur les 
propriétés du métal. Leur dosage par les méthodes usuelles de la spectroscopie 
d’émission présente des difficultés, cependant les avantages de l’analyse spectro- 
chimique sont tels que des recherches ont été entreprises dans ce domaine, et que 
quelques résultats ont pu étre obtenus. Différentes méthodes ont été mises au 
point, parmi lesquelles nous citerons celle de MANDEL’sHTAM et FAL’ Kova [1-5] 
qui utilisent une étincelle basse tension en impulsions. Ces auteurs effectuent leurs 
mesures sur des raies de O,, et N,, situées dans la région 4000-5000 A. Ruwneer et 
BRYAN [6] ont repris une partie de ce travail et donnent des résultats de dosage de 
azote. Une mise au point d’ensemble et des résultats variés sont donnés par 
FASSEL et ses collaborateurs [7-9] qui utilisent un are en atmosphére d’argon et 
effectuent les mesures sur des raies situées vers 7000 A: l'utilisation d'un bain de 
platine est nécessaire dans certains cas (titane, zirconium, niobium). Citons 
encore la méthode de Rosen | 10] qui fait appel a la cathode creuse. 

En général les concentrations limites détectables par ces méthodes sont de 
ordre de 0.01 0,003° 


qui sont de l’ordre de loa +—20° 


avec des erreurs variables d'une méthode A l'autre. mais 


Bien qu ils n’utilisent que les régions habituelles du spectre, ces divers procédés 
ne sont pas exempts de certaines complications techniques, comme par exemple, la 
nécessité d opérer dans une atmosphére propre, constituée par un gaz ne renfermant 


DEL sHTAM et ©. B. Fat Kova,.Zavodskaya Lab. 16, 430 (1950 
KOVA, Izwest. Akad. Nauk S.S.S.R. (Ser. Fiz.) 19, 149 (1955 
KOVA, Zavodskaya Lah. 21, 1083 (1955 
S. Sventirsku, K. A. Sukwenko, P. P. Gatonov, O. B. Fat’ kova, Atpatov M. C. et K 
L 99. (1056 
N. Foumonov, Zavodskaya Lah. 23, 185 (1957 
R. Bryan, Spectrochim. Acta 12, 96 (1958 
W. TaBetine, Spectrochim. Acta 8, 201 (1956 
Gorpor, Anal. Chem. 90, 179 (1958 
Gorpows, R. Jasinski, M. Evans et T. Autretrer, Communication au se pti 
Spectroscopic Lidge, 1958 En cours impression) 


rselle mines 9, 445 (1953 
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Dosage de l'oxygéne et de azote dans des échantillons de titane 


pas les éléments & doser, ou encore l'utilisation d’un bain de platine. Aussi avons 
nous étudié la possibilité d’utiliser comme source |’étincelle dans le vide, qui 
supprime ces difficultés. Par ailleurs, grace A sa forte énergie, cette source 
permet, d'une facon générale, l’excitation des éléments a fort potential d’ionisation, 
ce qui est le cas de l’oxygéne et de l’'azote; enfin elle autorise l’observation dans 
Pultraviolet lointain, o4 se trouvent les raies les plus sensibles de ces gaz. 


Source de lumieére 

La source que nous avons mise au point antérieurement et qui permet d’effectuer 
le dosage d’éléments tels que le soufre, le phosphore, le carbone dans divers maté- 
riaux [11-13] est l’étincelle glissante sur un support solide, qui est généralement 
constitué par de l’alumine. Or, au cours de la décharge quelques particules du 
support participent, au moins partiellement, a |'émission. L’application de 
l’étincelle glissante au dosage des gaz exige done [utilisation d’un support ne 
contenant ni oxygéne, ni azote, ni hydrogéne. Nous avons obtenu quelques 
résultats avec des supports en fluorure de calcium obtenus par fusion sous vide, 
mais les résultats semblaient peu reproductibles, et par ailleurs, la fragilité de ce 
matériau rend son emploi assez incommode. 

temarquons, d'une facon générale, que l'introduction d'un matériau étranger, 
quel qu ‘il soit, dans |'étincelle parait, a priori, une solution médiocre lorsque le 
probléme envisagé est aussi délicat que celui du dosage des gaz. Aussi, avons-nous 
cherché a réaliser, une étincelle dans le vide, sans support, et de fonctionnement 
aussi aisé que |’étincelle glissante. Le principe d’une telle source, déja mentionné 
antérieurement [14], consiste a utiliser une étincelle auxiliaire, située dans la méme 
enceinte que |'étincelle principale, pour produire les ions nécessaires A |’ amoreage 
de cette derniére. Différentes réalisations sont possibles, et celle qui nous a donné 
les meilleurs résultats est représentée schématiquement sur Fig. 1. 

Le dispositif comporte trois électrodes, la cathode C étant commune aux deux 
étincelles d’amorcage et d’analyse. L’étincelle d’amorcage est une étincelle 
glissante circulaire qui se développe entre lextrémité de l’anode A et la paroi 
interne de la cathode C. Le tube isolant P (par exemple en alumine) sert & main- 
tenir respectivement en place A et C et joue également le réle de support de 
l’étincelle glissante. L’anode A’ constitue avec C l’étincelle d’analyse. Le matériau 
constituant les piéces A et C est en principe indifférent (on prend l’acier pour des 
raisons pratiques), et l’électrode A’ est la seule électrode du matériau a analyser. 

Lalimentation de étincelle d amorcage est réalisée au moyen du condensateur 
C', chargé en haute tension et déchargé dans A—C par l'intermédiaire d’un interrup- 
teur / qui régle le rythme des étincelles (une toutes les 2 ou 4 secondes). L’électrode 
A’ de l’étincelle principale est reliée directement au condensateur C,. La puissance 
dépensée dans le circuit de l’étincelle d’amorcage peut étre relativement faible 
(0.1 uF, 20 kV), par contre il est essentiel d‘utiliser une forte capacité (par exemple 


1} G. BaLvorrer et J. Romanp, J phys radium 16, 490 (1955). 

*) J. Romanp et G. BaLLorrer. J phys radium 18, 641 (1957). 

3} J. Romanp, G. BaLvorrert et B. Vopar, Proceedings of the Sixth International Conference of Spectro- 
scopy, lmaterdam 1956 p 268. Pergamon Press (1957) 


14) J. Romanp et B. Vopar, J. phys. radium 19, 732 (1958). 
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1, 20u 4 wF sous 20 kV) pour | étincelle d’analyse. En effet, il vy a intérét A favoriser 
la phase de la décharge se produisant dans la vapeur de l ‘anode A’, relativement a 
celle qui se produit dans les gaz résiduels, méme si la pression de ceux-ci est ex- 
trémement faible (10-5 mm Hg) 

L’ensemble est disposé dans une chambre a étincelles dont le potentiel est 
celui de la cathode C, et dans laquelle on abaisse la pression a une valeur telle que 


les gaz résiduels n’apportent qu'une erreur faible aux dosages effectués sur les gaz. 


| 
i 


| 


trodes pour la produ tion d’étincelles dans le vide amor: 
1. anode de | étincelle d’ amoreage: A’, anode de | étincelk 
er); C, cathode; P, support isolant; C,,C,: condensateurs; 
nterrupteur; F, fente du spectrographe. 


Le fonctionnement de | 'étincelle n'est d’ailleurs que peu perturbé par la pression 
et nous n’avons pas observé de variation notable a ce sujet pour des pressions 
comprises dans intervalle 10-* — 10-> mm Hg. II est vraisemblable que les gaz 
résiduels jouent un rdle fondamental dans le processus d’amorgage, mais leur 
présence n'est guére décelable dans le spectre. 

En cours de fonctionnement une étincelle trés brillante apparait a | extrémité 
de A’ alors qu’aucune luminosité notable ne se développe au niveau de A—C; 
aspect de la décharge n'est que peu modifié par |'écartement de C et A’, et nous 
travaillons couramment avec des distances de plusieurs centimétres. 

Fig. 2 représente l'aspect d'une telle étincelle (écartement 23 mm environ). De 
bons résultats sont obtenus avec une électrode A’ de 2 4 3 mm de diamétre (3 mm 
sur Fig. 2). Avec une électrode plus grosse, |’étincelle se déplace latéralement et la 
reproductibilité est médiocre. Remarquons enfin que la substitution de |'électrode 
a doser A’ est trés rapide, et le réglage immédiat. 

La décharge est observée latéralement, suivant un axe passant a quelques 


456 


oO 0’ = Li« 
4 
| 195' 

af Fig. 1. Disposition des « 

par une étincelle auxilia 

cle esure a al 

I, 

he 


Fig. 2. 
La distance entre |'électrode principale située en bas et les électrodes d’amorcage 
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millimetres de l’extrémité de A’, la fente du spectrographe étant placée en F 
(Fig. 1). Le spectre observé est exclusivement celui émis par A’, et ne présente 
aucune raie provenant de A-C’. Ce spectre est analogue a celui émis par |’étincelle 
glissante; on utilise d’ailleurs pour |’étincelle d’analyse les mémes valeurs des 
parametres électriques. Néanmoins quelques différences, en particulier la faible 
intensité du spectre continu qui apparait pour les fortes excitations, suggérent que 
la densité du plasma doit étre plus faible au voisinage de A’ que dans l’espace 
relativement réduit compris entre les deux électrodes de |’étincelle glissante. 

Au point de vue analytique les raies sensibles des métalloides contenus a faible 
concentration dans le matériau de A’ sont émises et cette source peut étre utilisée 
pour le dosage de ces éléments; nos essais actuels ont porté sur le soufre, le phos- 
phore, le carbone, ainsi que sur les gaz qui font l'objet de la présente étude. 

Les mesures ont été faites par spectrophotométrie photographique au moyen 
d'un spectrographe a vide décrit antérieurement [15]. 


A titre d’exemple nous indiquerons les résultats obtenus pour le dosage de 
loxygeéne et de l’azote dans onze échantillons de titane dont les concentrations 
étaient comprises entre 0,02 et 1°, pour l’oxygéne et 0,002 et 0,06°, pour l’azote. 


Ces mesures se rapportent au titane parce que nous avons pu obtenir dans ce cas 
des échantillons suffisamment bien dosés.* 

Le spectre du titane est pauvre dans l’ultraviolet lointain, et nous observons 
dans la région 1000-600 A de nombreuses raies de l’oxygéne, de divers degrés 


d'ionisation, depuis O,, jusqu’au doublet des raies ultimes de O,, (ion alcalinoide 
[16]). Le spectre de l’azote, par contre, s’étend sur un domaine spectral plus grand 
que celui de l’oxygéne, et un certain nombre de raies de l’azote sont trop voisines 
de raies du titane et de l’oxygéne. De plus, les concentrations des échantillons dont 
nous disposons sont relativement faibles et nous n’observons pas de raie de l’azote 
émise par des ions de degré d’ionisation inférieur a Nyy. 

Dans ces conditions le Tableau 1 donne les longueurs d’onde des raies dont la 


Tableau 1. Raies pouvant étre utilisées pour la détection et le dosage de loxvgéne et de l'azote 


703 608.4 765,14 
Ong 704 609.8 
835 617 
625, 
625. 
629.7 787, 
760,2 790,2 


1371.3 802.2 


}1037,6 


* Cette étude analytique a été faite & la demande de la U.S. Air Force selon le contrat 


AF 61(052)-77. 


[15] J. Romanp et B. Vopar, Rev. opt. 37, 329 (1958). 


16) G. BALLorret et J. Romanp, Compt. rend. acad. sci. U.R.S.S. 242, 1964 (1956) 
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Fig. 3. Courbes de dosage de loxygéne pour les raies 835 A de Oy (échelle de droite), 
TO0 A de Ory (eche lle de droit 


et 760.2 A de Oy (échelle de gauche On a porte en ab- 
scisses le logarithme décimal de la concentration en ppm, et en ordonnées de logarithme 
décimal R du rapp« 


rt des déviations microphotometriques relatives a la rate de loxygene 
et a une rare du titane prise comme rete 


ence 
déchantillons distinctes dont 


Les X et O correspondent a deux series 
repere figurent au 
des abscisses 


les numeros de voisinage «de l échelle 


Fig. 4. Cours de loxvgéne pour la rai A de Ov, 


La spéciication 
des échelles est la mé que sur Fig. 3 
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variation rend compte de la concentration des échantillons. Les raisons exposées 
précédemment expliquent que les seules raies de |’azote utilisées soient une raie 
de N,,y et le doublet de raies ultimes de Ny. 


Oxygene 


Nous avons tracé les courbes de dosage (Fig. 3 et Fig. 4) en portant en ordonnées 
la différence R des logarithmes des déviations du microphotométre pour la raie de 
l’oxygéne et pour une raie du titane prise comme référence; les logarithmes des 
concentrations sont portés en abscisses. Les échantillons étaient divisés en deux 
groupes (représentés respectivement par des croix et des cercles) qui ont été 
enregistrés sur des films différents. Les raies de référence du titane choisies 
dépendent de la région spectrale et sont situées 4 630,9 et 665,5 A pour la région 
600-750 A, & 784,7 et 838,2 A jusqu’a 850 A, et enfin a 1075 A pour les raies de Oy;. 

On voit que l’écart maximum avec la droite moyenne tracée est inférieur A 
25°, de la concentration pour les raies 760 A de Oy et 790 A de Oy, (sauf pour 
un point sur chaque courbe). Les raies de plus faible degré d’ionisation (O,,—O,,;) 
donnent des écarts supérieurs, telle la raie 835 A de O,,, (Fig. 3). Il en est de méme 
pour les raies ultimes (Fig. 4). Ces derniéres sont émises par l’ion Oy;, dont la 
production requiert une énergie élevée [17] et il sera probablement nécessaire 
d’augmenter la puissance du générateur pour obtenir de meilleurs résultats avec 
ces raies. Avec les valeurs indiquées pour les paramétres électriques (2 uF, 20 kV) 
la source utilisée semble donc favoriser |’émission du spectre de l’oxygéne Oyy 
et Oy; les ions correspondants sont vraisemblablement les plus nombreux, ce qui 
conduit a une meilleure reproductibilité et 4 une plus grande sensibilité. La moins 
bonne reproductibilité des résultats obtenus avec les ions de degré d’ionisation 
moins élevé O,, et O,,; pourrait vraisemblablement étre expliquée par le fait que 
ces ions sont produits dans les régions de plus faible excitation, c’est-a-dire dans la 
partie externe de |’étincelle ot influence des gaz résiduels peut constituer une 
cause d’erreur. 

L’aspect des courbes de Fig. 3 (absence de courbure) montre que la limite de 
sensibilité est certainement inférieure a 0,01°,; elle sera précisée ultérieurement 
lorsque nous disposerons d’échantillons de trés faible concentration. 


Azote 


Fig. 5 représente la variation de la densité optique D des raies de l’azote en 
fonction du logarithme de la concentration; nous n’avons, en effet, encore pu 
trouver de raie de référence du titane donnant de bons résultats. Les écarts sont 
plus importants que pour loxygéne, mais si l’on excepte les trois échantillons de 
plus faible concentration, ils restent inférieurs 4 30°%,. La limite de sensibilité 
semble située vers 0,003°,,, et on peut penser que les résultats obtenus pour l’azote 
sont sensiblement de la méme qualité que pour l’oxygéne, le domaine de concentra- 
tion étudié étant situé environ dix fois plus bas dans |’échelle des concentrations. 


[17] G. Battorret et J. Romanp, Compt. rend. acad. sci. U.R.S.S. 246, 733 (1958). 
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+5 
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ourbes de variation d’intensité des raies de l'azote pour les raies 765 A de Nyy 
» gauche) et 1238.8 A de Ny helle de droite On a porté en ordonnées la 
densité optique D de la raie sur le cliché photographique. 


En conclusion, les résultats obtenus mettent en évidence la possibilité d’étendre 


au dosage de |’oxygéne et de l’azote dans le titane le champ d’application de 
l’étincelle dans le vide. La source décrite semble, par ailleurs, tout a fait adaptée 


A ces dosages, et constitue au point de vue pratique une source spectrographique 


particuliérement commode. 
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Geraet zur Bezeichnung von Spektralplatten 


A. Barpécz 
Physikalisches Zentralforschungs-Institut der Ungarischen Akademie der Wissenschaften, 
Abteilung Spektroskopie, Budapest, Ungarn 


(Received 2 March 1959) 


Abstract 


performed with the aid of a gramophone needle brought into the field of rays of the spectrum 


A device serving for the marking of spectral emulsions is described. The marking is 


projector. The gramophone needle is fastened to the anchor of a telephone relay. By operating 


the relay with current impulses of short duration point -like marks can be produced by it on the 


emulsion. Bringing the relay into vibration by successive current impulses and simultaneously 


displacing the plate under the marking needle line-like marks or arbitrary superscriptions can be 


made, The operation of the relay is preformed with the aid of a pulse generator of variable 


frequency. The relay can be brought into the field of rays with the aid of a pulling in relay. 


Examples concerning the applicability of the marking device are given. 


OBWOKL das Anbringen von Zeichen und die Beschriftung von Spektralplatten 
sowohl fiir den Forscher, wie auch fiir die angewandte Spektroskopie unentbehrlich 
ist, sind bis heute keine Verfahren bekannt, womit diese w ichtigen Forderungen allen 
Anspriichen entsprechend ausfiihrbar waren. Zur Auswertung von Spektralauf- 


nahmen sind auf der Platte oder dem Film folgende Bezeichnungen notwendig: (a) 
Bezeichnung der einzelnen Linien; (b) gemeinsame Bezeichnung der zum Aus- 
werten beniitzten Linienpaare oder Liniengruppen; (c) Aufschreiben der Wellen- 
langen oder anderer Daten; (d) Bezeichnung der einzelnen Spektren, zwecks 
Unterscheidung derselben, falls auf der Platte mehrere Spektren sind; (e) Bezeich 
nung der Spektralplatten fiir die Evidenz. 


Weiterhin miissen auf der Platte zwecks Vergrésserung oder aus einem 


anderen Grunde einzelne Gebiete bezeichnet werden. 


Die Evidenz der Spektralaufnahmen besteht meistens darin, dass die laufende 
Nummer des Aufnahme-Protokolls mit Tinte auf der Platte vermerkt wird. die 
Aufnahme-Verhiltnisse aber im Protokoll angegeben sind. Laut Erfahrung ist die 


Administration, besonders in wissenschaftlichen Instituten. nicht immer hinreich 
end und Aufnahmen und Protokolle sind nach einigen Jahren oft nicht mehr 


vereinbar. Aus eigener Erfahrung ergab sich, dass besonders infolge Kriegsereig 
nissen oder Ablebens einzelner Personen zu Hunderten wertvolle Spektralauf 


nahmen vorliegen, deren Aufnahmeverhiiltnisse nie mehr zu eruieren sind. Aus 
diesen Griinden ist es zweckmiissig alle wichtige Daten auf der Aufnahme zu 
verzeichnen. 

Das zur Zeit gebriuchliche einfachste Verfahren ist mit freier Hand Tinten- 
zeichen auf die mittels Projektionsapparat projizierte, oder mit blossem Auge oder 
mit Lupe beobachtete Platte anzubringen oder in die Emulsion einzukratzen. 


1) J.C. Norra. J. Sei. Inetr 30, 366 (1953). 
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Eine derartige Bezeichnung ist fiir das Auge sehr anstrengend, ungenau, unsch6én 
und schwierig anzufertigen. 

Es scheint daher zweckmiassig die Projektionsapparate fiir Spekralaufnahmen 
durch ein Gerit zu ergiinzen, womit die Bezeichnung ausfiihrbar ist. 

Das spektroskopische Schrifttum befasst sich mit der Frage der Bezeichnung 
der Spektralplatten nur in geringem Masse [1]; von den im Handel befindlichen 
Projektionsapparaten sind einige mit primitiven sehr einfachen Bezeichnungs- 
méglichkeiten ausgeriistet. Die Platten-Bezeichnungsgerite bestehen meistens 
aus einer Nadel, welche, an der gewiinschten Stelle in die Emulsion gedriickt, dort 
ein Zeichen hinterlisst. Zur Unterscheidung mehrerer auf einem Film aufgenom 
mener Spektren gibt Mrrrecporr [2] ein Verfahren an. Genannter legt auf den 
Film im Projektionsapparat ein nummeriertes durchsichtiges Kunststoffstiick, 
auf welchem die Nummern in gleicher Entfernung stehen wie die einzelnen 
Spektren. Durch Projektion des Filmes mit dem Kunststoffstiick werden die 
einzelnen Spektren identifiziert. 

Den in unserem Laboratorium gestellten Anforderungen konnte mit dem 
genannten Verfahren nicht Geniige geleistet werden. Es wurde daher ein solcher 
Apparat zur Bezeichnung der Spektralplatten konstruiert, mit welchem punkt- und 
strichartige Zeichen und beliebige Aufschriften ausgefiihrt werden kénnen. In der 
Folge wird dieser Apparat beschrieben. 

Im Wesentlichen besteht das Geriit aus einem gewéhnlichen Telephonrelais an 
dessen Anker ein Traghebel mit am Ende befestigter Gramophonnadel angebracht ist. 
Der Hebelarm halt die Gramophonnadel iiber der Spektralplatte im Strahlengang. 
Leitet man durch die Spule des Relais einen kurz wihrenden stossartigen Strom, 
so zieht das Relais den Hebel an und die Nadel schligt auf die Platte einen Punkt. 
Werden die Stromstésse mit grosser Hiiufigkeit wiederholt und die Platte gleich- 
artig unter der Nadel verschoben, kénnen auf der Platte Striche gezeichnet 
werden. Bei entsprechender Verschiebung des Plattenhalters in Richtung der 
heiden Koordinatenachsen kénnen auf der Platte beliebige Figuren und Auf- 
schriften verzeichnet werden. Die Bewegung der Zeichennadel und die 
geschriebenen Zeichen sind auf der Projektionsebene sichtbar. 

Abbildung 1 zeigt die Photographie des Spektralplatten-Bezeichnungsgeriites 
auf einen Spektrenprojektor von Hilger and Watts (London) montiert. In der 
Abbildung ist die Gramophonnadel mit A, der Hebelarm mit B bezeichnet, C ist 
das Telephonrelais. Der Hebelarm B ist aus Leichtmetall-Blech mit innerer 
Versteifung gefertigt und ist so leicht, dass ihn die den Anker des Relais haltenden 
Blattfedern gehoben halten. Das Relais ist an den Anker eines anziehenden Magnets 
D befestigt. Der Magnet D dient zum heranziehen der Nadel A in den Strahlengang 
des Spektrenprojektors. Bei der Unterbrechung des Stromkreises des Magneten 
D zieht die Feder E um den Bolzen F den Hebelarm B und mit diesem die Nadel A 
aus dem Strahlengang. Der Anker des Magneten D stésst in losgelassenem Zus- 
tande gegen Biigel G. An das Relais ist noch ein photographischer Ausléser 
montiert womit der Anker des Relais und mit diesem die Nadel A niedergedriickt 
wird und so auch durch Betitigung mit der Hand auf der Platte Zeichen aufgetragen 


> \ J. Mirrecporr. Anal. Chem 23. 1055 (1951). 
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Abb. 1. Bezeichnungsgerat fiir Spe ektralplatten auf einen Spektrenprojektor von 
Hilger and Watts (London) montiert 


Abb. 3. Mit dem Bezeichnungsgerit unmittelbar auf der Emulsion hergestellte Zeichen 
und Beschriften. 
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werden kénnen. Die Nadel A ist in dem Hebelarm so schief eingesetzt, dass ihre 
Spitze im Sehfeld sichtbar ist. Das Bezeichnungsgerit ist an den Stiben J und K 
des Lampenhalters des Spektrumprojektors befestigt. 

Das Relais C der Abb. 1 wird iiber einen elektronischen Impulsgenerator 
betitigt, mit welchem Stromstésse verschiedener Stirke und Haufigkeit erzeugt 
werden kénnen. Es ist mithin méglich, der Art und dem Zustand der Emulsion 
entsprechend, Zeichen verschiedener Ausfiihrung herzustellen. 


| 


| y 
y 


Abb. 2. Elektrisches Schaltschema des zur Betatigung des Bezeichnungsgerates fi Spek- 
tralplatten dienenden Impulsgenerators. 


telais R5 12 MQ 

Cl 3 nF R6 0,1 Potentiometers 
C2 0,01 $0 KG) 

3 nF Rs MQ 

4,5 OOL wk 2 M@) 

C6 3 nF Rio 0,2 MQ 

C7 Sak Ril 1 

c's l6 wk Ri2 0.1 MQ2 Potentiometer 
co, 10 uF R13 85 kd) 

dD Magnet Anzeigelampe 
K1-K7, KK, KL Schalter Vi Doppeltriode 

70 V2 Pentode 

50kO V3. 4 Doppelweggieichrichtes 
R3,4 2 T Transformator 


Das elektrische Schaltschema des Impulsgenerators zeigt Abb. 2. Sein Betrieb 
ist folgender. V1 ist ein freilaufender Univibrator mit einer verinderbaren 
Frequenz zwischen 0-50/Sek. Grob wird die Frequenz mit den Kondensatoren 
C1—(4, kontinuierlich mit dem Potentiometer R6 eingestellt. Das Umschalten von 
héherer auf niedrigere Frequenz wird durch gleichzeitiges Einschalten von K1. K2 
und A7 ausgefiihrt. Die durch den Univibrator erzeugten Viereckimpulse werden 
mit Hilfe der Elemente C5, bzw. C5 + C6 und R9 differenziert. Da zur Steuerung 


463 


= AZ 
| | | 
| | 
| 
| | | 
ay We | | | 
| | | 
OL . | 
15 
959 
| 


A. Barpocz 


der Réhre V2 nur positive Spannungsimpulse nétig sind, werden in der Réhre V2 
mit Hilfe der mit den Widerstinden R8 und R9 entsprechend eingestellten Vor- 
spannung die negativen Impulse abgeschnitten. Die Réhre V2 verstirkt die 
eintreffenden Impulse in dem zur Betitigung des Relais C nétigen Masse. Das 
Relais wird durch Schliessen von einem der Schalter AK, K3 oder AL betitigt. 
Uber den Widerstand R11 erhalt nimlich das Hilfsgitter der Verstirkerréhre eine 
negative Vorspannung, welche die Réhre absperrt. Der Schalter KK mit Druckknopf 
ist ein Handschalter. Der Schalter K3 erméglicht ein bestindiges Einschalten. Der 
Schalter KL mit Drucknopf ist ein Fussschalter. 

Zur Herstellung der Vorspannung ist in den Impulsgenerator eine besondere 
Spannungsquelle eingebaut. Die Spannung des Vorspannungskreises kann mit 
dem Widerstand R10 eingestellt werden. 

Die Anschlagstirke der Nadel A in Abb. | wird mit dem Potentiometer R12 
reguliert. Den in der Abb. 1 mit selbem Buchstaben bezeichneten Magneten D 
schaltet der Schalter K5. Beim Anziehen des Magneten PD schaltet dieser den 
federnen Schalter K4 aus. Diese Anordnung ist deswegen so ausgestaltet, dass die 
Zeichennadel nur dann betitigt werden kann, wenn sie im Strahlengange ist. 

Der in dem Impulsgenerator eigebaute Filterkreis C7, 27 verhindert die Riick- 
wirkung der Verstirkerstufe auf den Univibrator. Die Betitigung des Gerites 
kann natiirlich auch mit einer nicht elektronischen Schaltung erfolgen. 

Die Abb. 3 ist ein Beispiel wie mit diesem Bezeichnungsgerit auf der Spektral- 
aufnahme unmittelbar in die Emulsion einfache und komplizierte Zeichen 
geschrieben werden. Es sind hier, ausser der Bezeichnung der Spektrallinien, die 
die einzelnen Spektren unterscheidenden Zeichen und ausserdem simtliche fiir die 
Aufnahme wichtigen charakteristischen Daten verzeichnet. 

Zum Auftragen der Zeichen wird die Platte mit der Schicht nach oben auf den 
Tisch des Plattenhalters gelegt. Mit der Zeichennadel wird an einer indifferenten 
Stelle der Platte ein punktférmiges Zeichen gemacht und dessen Stelle auf der 
Projektionsebene bezeichnet. Bringt man nun die Projektion der zu bezeichnenden 
Stelle der Platte an diese Stelle und betitigt die Zeichennadel, so wird das Zeichen 
an der gewiinschten Stelle sein. Bei der Bezeichnung der Linien und Beschriftung 
der Platten wird das Relais der Abb. 1 und 2 mit dem FuBschalter KL der Abb. 2 
hetitigt und der Plattenhalter mit beiden Handen mit Hilfe der Einstellstangen 
bewegt. Die Anschlagstarke und-Hiufigkeit wird, um schéne Zeichen zu erhalten, 
der Dicke. Art und dem Feuchtigkeitsgrad der Emulsion entsprechend eingestellt. 

Der Gebrauch des Bezeichnungsgeriites ist sehr einfach und nach einigen Stunden 
Ubung kann jedermann damit arbeiten. Natiirlich ist es eine verschiedene Sache, 
mit diesem Geriit einfache Zeichen und unisthetische Aufschriften zu bereiten oder 
verhiltnismissig so schéne wie die Abb. 3 zeigt. Zur Herstellung wahrlich schéner 
Aufschriften ist weniger die Ubung als vielmehr eine persénliche Gegebenheit notig. 
Es ist zu bemerken. dass die auf der Abb. 3 sichtbare Beschriftung auf die Platte 
bedeutend schéner ist und die Linien infolge Reproduktion viel von ihrer Schiirfe 
verlieren. 

Der Volistindigkeit wegen ist zu bemerken, dass anfangs die Herstellung von 
stichartigen Zeichen so gedacht war, dass die Zeichennadel A der Abb. 1 mit 
Hilfe des Relais gegen die Platte angezogen und dann der Plattenhalter mit der 
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Platte in gewiinschter Richtung verschoben wiirde. Hier zeigten sich aber ver- 
schiedene Schwierigkeiten. Erstens hitte die Platte in jeder Richtung fest fixiert 
werden miissen, zweitens waren die Zeichen—abhingig davon inwieweit die Platte 
an den verschiedenen Stellen fest auflag—sehr verschieden. Bei sehr harten 
Emulsionen waren die Zeichen kaum sichtbar. Weiterhin war es ein ernstes Problem 
die Zeichennadel starr zu befestigen, um eine starke Ausbiegung der Triigerkon- 
struktion bei der Verschiebung vertikal zur Richtung der Dispersion zu verur- 
sachen. Es ergab sich schliesslich, dass bei einer eingestellten Schlaghaufigkeit und 
Verschiebung der Platte in wagrechter Ebene, auf der Platte eine Punktreihe, bzw. 
durch entsprechende Wahl der Schlagfrequenz und Bewegungsgeschwindigkeit 
Striche geschrieben werden. 

Bemerkenswert ist, dass wihrend mehrjihrigem Gebrauch nie eine Platte infolge 
Bezeichnung zerbrach. 

Das in der Abb. 1 dargestellte Geriit ist dessen erste Ausfiihrung, welche sich so 
sehr bewahrte, dass eine Abinderung iiberfliissig war. Auf Grund der Erfahrungen 


wiren folgende Anderungen zweckmiissig. Es wiire angezeigt, den Anziehmagneten 


D mit Gleichstrom zu speisen, da beim Speisen mit Wechselstrom der Anker des 
Magneten in schwingenden Zustand geraten kann. Es kénnte der Anziehmagnet D 
ganz weggelassen werden, wodurch die Stabilitaét des Systems gewinnen wiirde. In 
diesem Fall kann die Zeichennadel mit der Hand in den Strahlengang gebracht 
und dort fixiert werden. Die Entfernung der Nadel aus dem Strahlengang erfolgt 
dann ebenfalls mit der Hand. Der Tragarm B der Abb. 1 ist zwecks Sicherung der 
Steife so kurz wie méglich zu halten. In der jetzigen Ausfiihrung musste dieser 
Hebelarm wegen dem Lampenhaus des Projektionsapparates ziemlich lang bereitet 
werden. Bei Spektrenpojektoren anderer Art sind diese Verhiltnisse vorteilhafter. 


Anerkennung—An der Ausfiihrung des Bezeichnungsgeriites nahmen Teil 8S. Eper, K. KAnror, 
A. KuatrsmAnyr und B. Vorsatz. Die Bezeichnungen auf der hier mitgeteilten Spektralplatte 
fiihrte K. Berta aus. Fiir ihre Mitwirkung besten Dank. 


Zusammenfassung 

Es wird ein Gerait zur Ausfiihrung von Zeichen auf Spektralplatten beschrieben. 
Die Bezeichnung geschieht mit einer, in den Strahlengang des Spektrenprojektors 
eingefiihrten Gramophonnadel, welche an den Anker eines Telephonrelais befestigt 
ist. Das Relais wird durch kurz andauernde Stromstésse betitigt und ist zur 
Herstellung punktartiger Zeichen geeignet. Infolge serienweiser Stromstésse wird 
das Relais in Schwingung gebracht und, bei gleichzeitiger Verschiebung der Platte 
unter der Nadel, kénnen strichartige Zeichen oder beliebige Aufschriften her- 
gestellt werden. Die Betitigung des Relais geschieht mit Hilfe eines Impuls- 
generators veriinderlicher Frequenz. Das Relais kann durch einen Anziehmagneten 
in den Strahlengang eingebracht werden. Beispiele fiir die Brauchbarkeit des 
Bezeichnungsgeriites sind angegeben. 
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RESEARCH NOTE 


Simplification of a formula in the correlation of fluorescent 
X-ray intensities from mixtures* 


J. SHERMAN 
Philadelphia Naval Shipyard, Philadelphia 12, Pa 


Received 22 September 1958, and in final form 9 March 1959) 


Abstract Formulae were derived in a previous paper [1] for the fluorescent X-ray intensity 
emitted by a three component mixture. One of the formulae, that of the third-order process 
emitted by the element of lowest atomic number, as given in the original paper [1] is long and 
cumbersome. 

In this note the derivation of that formula is refined and the result presented in a significantly 


simpler form. 
Introduction 


A PREvioUs report |!| derived formulae for the relative intensity of fluorescent X-ray 
spectra from specimens containing up to three elements. The principal problem was the 
evaluation of certain integrals relating to the inter-element effect. One of these integrals, 
namely that relating to the ‘third-order effect,” (pp. 287, 289, 290 of [1]) developed into a 
long formula which distinguished four mutually exclusive cases depending on the quantita- 
tive composition of the specimen. In addition, this formula is not readily applicable to the 
special cases where some differences of the absorption coefficients are zero. 

The purpose of this note is to re-examine the computation of the triple integral in 
question and to evaluate it as one formula which will cover all ranges of composition and be 
readily applicable in the special case of a zero difference in some absorption coefficients. 


Evaluation of the triple integral 


The integral under consideration (p. 287 [1]) is 


dk | dj exp (pl qj); E ki) E - 


. 


* The views expressed by the writer are his own and do not necessarily represent those of the Depart 
ment of the Navy 
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which may be reduced to the single integral 


(log E,((a — p)k)) + E,(ak)) 


a| 


E,((b — q)k)) + E,(bk) (1) 


It is to be recalled that p, q, a, 6 are positive and finite (absorption coefficients dependent 
on the specimen) and £, is the integro-exponential function of the first order. The difficulty 
arises in that the sign of (a — p) or (b — q) is indeterminate. Depending on the quantitative 
composition of the specimen (a — p) or (6 — q) may be positive, negative or zero. Since 


the £, function has a logarithmic singularity at the origin, and since Z, for a negative 
argument is not the analytic continuation of Z, for a positive argument, the computation 


of the integral in [1] considered four distinct cases, depending on the combination of signs 


of (a — p) and (b — q). The zero case was not considered. In this note, however, equation 


(1) will be transformed before expansion and evaluation. 
It is known that £,(f) may be expanded in the following manner ([2], p. 254). 


E,(t) = —y — log |t| + T(t) 


where » is Euler’s constant and 


1 tr 
T(t) : [ dx, T(0)=0 


r 


Using the expansions of £,((a p)k), E,((a — p)k), E,((b +- q)k), By((b — qk) 
equation (1) is transformed into 


pat dkfe | E,((a p)k) + T((a 4 p)k) — T((a — p)k)) E,(ak)} 


{e~“(—E,((b + q)k) + T((b + q)k) — T((b — q)k)) + E,(bk)} (3) 


The integrand of (3) has no singularities, since 7'(t) is defined for all finite values of f. 

Expansion of the product in (3) yields 16 integrals which have either been evaluated in 
[1] or may be readily evaluated by inverting the order of integration when necessary. 
There are four typical forms as given below: 


J, Bala) = low (7 +1) + (5 +1) (a) 

p| die E,(at) (bt) 4 y “a (b) 
Pe L, p- L, p 

1 2 p 


[2] V. Kourcanorr, Basic Methods in Transfer Problems. Oxford University Press (1952). 
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Forms (a) and (b) have been evaluated in ref. [1]. Since p, a, ) are positive the expres- 
sions on the right are defined for all finite values. (y(2) is defined for all values of x < 1). 

Forms (c) and (d) are readily evaluated and the expressions on the right are defined 
for positive values of L, and L,. Difficulties will arise, in the general case, if L, and/or 
L, becomes negative. However, in the application to (1), where there is a particluar relation 
between the various arguments, the forms become 


an 
E,(bt) T((a p)t) y| 


(p- dt (Pat +- q)t) Tila 


Tith q)t) Tila 


py) Tith 


(d’) 


\n examination of the arguments of the yw functions shows that those not involving a 
difference are negative. Those arguments involving a difference are in the form of 
(p a)/(p b) which is negative, zero, or if positive, less than 1. Therefore, since w(x) 
is defined for x < 1 (and y(0) = 0), all the forms are defined for all possible finite arguments. 
Consequently, there is no need to present the evaluation of (3) in four cases. 

By evaluating the sixteen integrals in the expansion of (3), the following formula is 
obtained 


p a Pp q 
q ) a a q 
| | | 
p a a q a 
q - 4, a q } 4 | 
] | p a q 4 q a 4 
p q q vl p | v| - a 
p 4, p / q all 
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For purposes of computation it is advisable to transform the y functions, since the 
tabulation of the function in [1] applies only to an argument between 0 and 1. These trans- 
formations, which will also shorten the formulae, (as given in [1], p. 300), are 


l 
y(l) — logte 


5 log? (I +2) — yl; 


After transformation the form becomes 


] a+b a+b b 
pad b log b p log" p-+ p- 


b) becomes negative, 
5 


+b 2 p 


with the auxiliary relations, if (p — a) or (q 


It is to be noted that the auxiliary conditions are necessary only as a computational aid in 


using the table of w(x), (0 x 1) in [1] 


Final formulation 


Using the notation in [1], the following change of notation is introduced in equation (5) 


pt+a= A, a—p=D, 


Where «’ and uw", are the absorption coefficients, referring to the sample, for the incident 


beam and the emergent beam from Z, corrected for obliquity, respectively; jm, and yu, 
are the absorption coefficients for the fluorescent beams from Z, and Z,, respectively 
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The third-order effect as given in pp. 289, 290 of [1] may then be written as 


Ts iy, | log 


C 1 (A, B. fA; 


dD, 


fs fs 2 A 


il 


C 
— 24) — v( 


where + is the emission coefficient ({1]) with the auxiliary relations (for use with the y table) 


dD. l l 
v(— 32) = 
dD, dD, 
Illustration 
iv Fig. 1. Cr-Fe-Ni mixtures. Regions for 


various signatures of D,, D, 


336 


r 


As an illustration of the dependence of D, and D, on the composition of a mixture, one 
may consider the Cr-Fe—Ni system. The lines D,, D, = 0 are computed as follows 


Cr Fe Ni 


151 186 226 


230 200) 
i 
My 490 73 93 
My 316 397 61 
hy, My, 310¢, 


where ¢ 1: ©g Cg are the concentrations of Cr, Fe and Ni, respectively. 
A graph of the resultant system is shown in Fig. 1. 
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Microwave spectrum of trimethylarsine 


D. R. Lipe, Jr. 


National Bureau of Standards, Washington 25, D.C. 
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February 1959) 


Abstract 


The rotational spectrum of the ground vibrational state of As(CH,), has been analysed. 


The molecular constants are By 724-98 Me/sec, D, = 3 ke, eq@ (As 203-15 Me/seec, and 
7 0-86 D. If a CAsC angle of 96 3° is assumed, the As—C distance is determined to be 
1-959 0-010 A. The barrier to internal rotation of a CH, group is estimated to be between 1500 
and 2500 cal/mole. 


Introduction 


THE microwave spectra of several (CH,),AB molecules [1, 2] have been analysed in 


this laboratory in connexion with a study of hindered internal rotation. Trimethyl- 
arsine, As(CH,),, was included in this study, but the complexity of the nuclear 
quadrupole hyperfine structure and the low intensity of the spectrum prevented a 


quantitative measurement of the internal potential barrier. However, molecular 


constants were determined for the ground vibrational state of the molecule. and a 


rough estimate of the barrier was obtained. The results are reported here. 


Analysis of spectrum 


The ground state of As(CH,), shows a normal rigid symmetric rotor spectrum 


with hyperfine structure from the As nucleus (spin 3/2). In the analysis of the 


hyperfine structure it was necessary to include second-order corrections (not over 
0-2 Me/sec) to obtain a satisfactory fit. The observed and calculated frequencies of 


the hyperfine components which were strong enough to be measured are given in 
Table 1 for the J 1—2and/ = 2-+3 transitions. Table 2 gives the hypo- 
thetical unsplit frequencies and the resulting molecular constants. No contribution 


from a D,,- term in the rotational energy could be detected. 


Dipole moment 
The complexity of the hyperfine structure made it difficult to carry out high- 
precision measurements of the Stark effect. The first-order Stark effect of the 


J = 1-2, K =1, F = 5/2-+7/2 transition indicated a dipole moment in the 
neighborhood of 0-8 D. Better data were obtained on the essentially degenerate 
F 5/2 + 7/2, My, 5/2 — 5/2 and F 3/2 — 5/2, Mp 1/2 — 1/2 compon- 
ents of the J |» 2, AK = 0 transition, which showed a quadratic Stark shift of 


1-85 + 0-07 Me/sec (kV/em)~*. A calculation of the interaction of Stark and nuclear 
quadrupole perturbations shows that the weak field limit is valid for the range of 


1} D. R. Lipe and D. E. Mann, J. Chem. Phys. 28, 572 (1958). 
[2] D. R. Live and D. E. Mann, J. Chem. Phys. 29, 914 (1958). 
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field strengths involved in the measurement (0-9—-1-7 kV/em). From this Stark 
coefficient the dipole moment is calculated to be 0-86 0-02 D. 


Structure 

The single moment of inertia determined for As(CH,), permits an estimate of 
the As—C bond length, since calculations indicate that the moment is much more 
sensitive to this distance than to the other structural parameters. An examination 
of all known bond angles in MX, compounds, where X H, F, Cl, and CH, and 
M = N, P, As, ..., shows that <XMX decreases monotonically with increasing 
atomic number of M (for fixed X ). The J CAsC in As(CH,), is therefore expected 
to be less than 99-1°, the value of <-CPC in P(CH,), [2]. It is unlikely that <CAsC 
is as small as <HAsH in AsHg, which has been measured [3] as 92-0°. A value of 
O6 3° is thus a reasonable assumption for <CAsC. The CH, structure can 
probably be transferred from P(CH,),, where <_HCH was found [2] to be 107° for 
an assumed C—H distance of 1-090 A. With these assumptions the observed 
moment of inertia of As(CH,), leads to an As—C distance of 1-959 A. The assumed 

3° uncertainty in <CAsC results in a +0-008 A uncertainty in the bond distance. 
If a reasonable uncertainty in the CH, structure is allowed, the best value for the 
As—C distance becomes 1-959 + 0-010 A. 

The As—C distance obtained in this way agrees fairly well with the 1-98 + 0-02 
value found by electron diffraction [4]. (The electron diffraction result for <-CAsC 
is 96° + 5°.) It may be noted that the observed As—C distance is very close to the 
value of 1-97 A calculated from the covalent radii given by Gorpy, et al. [5]. 

The absolute value of the quadrupole coupling constant in AsX, molecules 
increases uniformly from AsH, (164 Me/sec) to As(CH,), (203 Me/sec) to AsF, 
235 Me/sec). A very similar trend is found for the corresponding nitrogen 
compounds. In fact, in both cases eqQ for M(CH,), is very nearly the geometric 
mean of the values for MH, and MF,. 

The dipole moments of MX, compounds show interesting trends. For X = H 
the dipole moment decreases monotonically from NH, (1:47 D) to SbH, (0-12 D) 
{5}. When X F the trend is exactly opposite. In the CH, compounds, the 
moment increases from N(CH,), (0-61 D) [1] to P(CH,), (1-19 D) [2], then decreases 
to 0-86 D in As(CH,),. This varied behavior may be contrasted with the more 
regular changes in the quadrupole coupling constant. 


Internal rotation 

In the studies of other (CH,),AB molecules [1, 2], satellite lines in the micro- 
wave spectrum were assigned to various excited vibrational states. Relative in- 
tensity measurements on lines arising from levels in which the torsional vibration 
was excited then gave useful information on internal rotation of the CH, groups. 
In As(CH,), one group of weak satellites was found on the high-frequency side of 
the ground state lines (B, = 4748-9 Me/sec). This group had the same hyperfine 
pattern as the ground state transitions. By analogy with related molecules [2], 


Cc. C. Loomis and M. W. P. Stranpperc, Phys. Rev. 81, 798 (1951). 
H. D. Sprincauy and L. O. Brockway, J. Am. Chem. Soc. 60, 996 (1938). 
W. Gorpy, W. V. Smirx and R. TramBarvu Microwave Spectroscopy. Wiley, New York (1955). 
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Microwave spectrum of trimethylarsine 


Table 1. Spectrum of As(CH,), (ground state) 


Transition Cale. freq. 


K F (Me/sec) 


to 
te 


IS861-49 18861-48 
SS6-86 SS6-S 
904-19} 
904-19) 
912-18 912-15 
925-36 925-3 

28301-20 28302 
313-33} 
313-33! 
316-95 316-95 
339-38 | 
339-38 | 
341-91) 
342-28) 
349-62 | 
349-62! 
351-98 | 
351-98! 
354-55 | 
355-01! 
360-08 360-04 
364-08 | 
364-08 | 
380-02 380-00 
390-11 390-13 
4100-43 | 
400-43! 


904-22 


313-36 


te te to bo bo te be 


339-44 


bo bo bo bo bo bo bo bo be be be be be 


342-11 


349-62 


351-95 


Ww to te to te be 


to te te te be 


354-93 


364-13 


l 
5/ 
2 
2 


~ 


400-45 


bo to te te bo be bo te 


to bo 


The frequencies quoted to 0-01 Mc/sec are believed to be accurate to +0-05 Mec/see or better 


Table 2. Unsplit rotational frequencies 
and molecular constants 


ISS99-82 Mc/sec 
28349-55 Mc/sec 
4724-98 0-OL Me/see 
3 1 ke/see 
eqQ (“As) 203-15 + 0-10 Me/sec 


these lines probably arise from the first excited state of a skeletal bending mode; 
unfortunately they were too weak to permit accurate intensity measurements. 
The satellite lines from the first excited states of the two torsional modes, 7, and 
T,, are expected to appear on the low-frequency side of the ground state lines. A 
complex pattern consisting of many weak lines was observed in this region. 
Although the lines were too weak for detailed study, it was clear that this part of 
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Obs. freq. 
(Me/sec) 
l-- 2 l 
l 5/ 5/ 
0 5/ 7/ 
0 3/ 5/ 
l 5/ 7/ 4 
1/ 3/ 
23 0 7/ 7/ 
2 5/ 7/ 
2 5/ 5/ 
7/ 7/ 
0 3/ 5/ 
0 1/ 3/ 
3/ 
5/ 7/ 
2 3/ 5/ 
2 3/ 3/ 
0 7/ ¢ 
0 5 
U L . 
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the spectrum definitely does not follow a rigid-rotor pattern. If the excited tor- 
sional states behaved normally, a relatively simple pattern would be predicted 
which includes several linesof appreciably greater intensity than any of the observed 
satellites. It appears, then, that coupling between internal torsion and overall 
rotation is sufficiently strong in the first excited states of +, and +, to produce a 
splitting of at least several megacycles in the rotational frequencies. Calculations 
show that resolvable splittings will appear in the first excited torsional states only 
if the leading term in the torsional potential function [1] (i.e. the barrier seen by 


each CH, group, if interactions among the three groups are ignored) is lower 


than about 2500 cal/mole. Also, no splittings were observed in P(CH,).. where 
the barrier is about 2600 cal/mole [2]. Further calculations indicate that lines in 
the ground state of As(CH,), would be split by a detectable amount if the barrier 
were less than 1500 cal/mole. From these considerations we may conclude that 
the potential barrier in As(CH,), is between 1500 and 2500 cal/mole. This may be 
compared with 2600 cal/mole in P(CH,), and 4400 cal/mole in N(CH,)s. 


Acknowledgement—tThe writer is grateful to Dr. F. G. A. Stone for providing the sample of 


trimethylarsine used in these measurements. 
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Linienbreite bei Stéssen 2. Art* 


S. Hacen und R. 
Institut fir Optik und Spektroskopie der Deutschen Akademie der Wissenschaften in Berlin-Adlershof 


(Received 19 December 1958) 


Abstract—Measurements are described in spectral line widths in relation to energy transfer in 
collisions of the second kind. In particular, the conversion of electronic excitation energy into 
kinetic energy (and vice-versa) in helium—neon mixtures has been studied from Doppler effects 
upon the spectral line widths, 


Einleitung 
Bet der Ubertragung der Anregungsenergie durch Stésse 2. Art muss die iiber- 
schiissige bzw. fehlende Energie durch die kinetische Energie der Stosspartner 


ausgeglichen werden. Stésst ein Atom im angeregten Zustand EF, gegen ein 


zweites, das sich im Grundzustand befindet und das Energieniveau £,, besitzt, 
so muss der Energiebetrag AE = FE, — E, ausgeglichen werden. Wir wollen 
unter positivem AF die Umwandlung von Anregungsenergie in kinetische Energie 
verstehen. Umgekehrt soll ein negatives AZ Verwandlung von kinetischer in 
Anregungsenergie bedeuten. 

Die sich auf die beiden Stosspartner verteilende gréssere oder kleinere Energie 
bewirkt nun, dass die Atome nach dem Stoss sich schneller oder langsamer als 
die iibrigen Atome im Gas bewegen. Damit miissen die Linien der durch Stoss 2. 
Art angeregten Atome eine gréssere bzw. kleinere Dopplerbreite im Vergleich zu 
Linien von normal angeregten Atomen zeigen. Ein experimenteller Nachweis 
dieser Verinderung der Linienbreite und damit der Umwandlung von Anregungs- 
energie in kinetische und umgekehrt ist das Ziel der vorliegenden Arbeit. 

Soweit uns bekannt ist, wurden nur zwei Untersuchungen durchgefiihrt, die 
sich mit der vergrésserten Linienbreite der durch Stoss 2. Art angeregten Linien 
befassen. 

Die erste von FRANCK und Carto [2] zeigt die Verbreiterung nur indirekt, 
indem sie die geringere Absorbierbarkeit der durch Stoss 2. Art im Vergleich zu 
normal angeregten Linien nachweist. Raserri [3] untersuchte die D-Linien bei 
der durch Quecksilber sensibilisierten Natriumfluoreszenz mit einem Stufengitter. 
Die hierbei ausgestrahlten D-Linien werden aber, wie BeuTLER und JosEepnuy [4] 
zeigten, durch Kaskadenprozesse angeregt. Eine eindeutige direkte Messung der 
durch Stoss 2. Art verinderten Linienbreite steht also noch aus. 


* Vorgetragen auf der 5. Arbeitstagung Spektroskopie der Physikalischen Gesellschaft in der DDR 
(14. 16. 11. 1957 in Jena) {1}. 
(1) Kurzreferat in Exp. Techn. d. Phys. 1, 32 (1958). 
[2) J. Franck und G. Caro, Z. Physik. 17, 202 (1923). 
l3 F. Raserti, Nature, Lond. 47 (1926). 
H. Bevrier und J. Joserny, Z. Physik. 58, 747 (1929). 
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Allgemeine Uberlegungen zur Arbeit 

Die Untersuchung der Linienbreite erfordert hoch auflésende Spektralapparate. 
Diese sind aber fiir die geringeren Intensititen, wie sie bei der sensibilisierten 
Fluoreszenz auftreten, zu lichtschwach. Man muss daher auf die sauberen Be- 
dingungen der sensibilisierten Fluoreszenz verzichten und sich nach einer inten- 
siveren Lichtquelle umsehen. 

Es ist schon seit langem bekannt [5], dass in der Gasentladung von Gemischen 
sich ein Einfluss von StOéssen 2. Art durch stark bevorzugte Anregung von beson 
deren Linien bemerkbar macht. Ahnlich wurden bei in unserem Institut durch 


gefihrten Arbeiten zur Edelgasanalyse von biniren Gasgemischen festgestellt, 


dass im He/Ne-Gemisch bestimmte Linien im Vergleich zum reinen Neon sehr 


bevorzugt angeregt wurden. Dies konnte durch Stoss 2. Art zwischen metastabilen 


Helium- und Neon-Atomen im Grundzustand erklirt werden. Die hierbei zur 


Verfiigung stehenden Intensititen sind bedeutend grésser als bei der sensibili 
sierten Fluoreszenz under médglichen daher eine Untersuchung mit dem Fabry 
Perot-Interferometer. Da in der Entladung des Gemisches aber auch die Elektro 
nenstossanregung beriicksichtigt werden muss, wurde in besonderen Versuchen 
6) der Anteil der Anregung mit Stoss 2. Art durch Vergleich der relativen Inten 
sitdt im reinen Gas und im Gemisch bestimmt. Untersucht wurden He/Ne-, 
Kr/Hg-. A/Kr- und A/Xe-Gemische. Die Breiten der in diesen Versuchen aus- 
gewihiten Linien und solcher, die nicht durch Stoss 2. Art beeinflusst wurden. 
wurden jetzt im reinen Gas und im Gemisch ausgemessen und verglichen. 

Um die Grosse der zu erwartenden Verbreiterung abzuschitzen, kann man 
sich folgendes iiberlegen. Wird bei dem Stoss von der zur Verfiigung stehenden 
inneren Energie EF , nur der um AE kleinere Betrag £,, zur Anregung verbraucht, 
so wird der Rest als kinetische Energie auf die beiden Stosspartner verteilt. Dabei 
muss der Energie-und der [mpulssatz erfiillt werden 
und m, die Massen der stossenden Atome; «, und , ihre Geschwin- 


Es seien m, 


digkeiten vor dem Stoss und m,’ + o,, und @,° + m,, nach dem Stoss, wobei ,, 


und ,, von der zusitzlichen Energie AF herriihren. Wegen der Impulserhaltung 


muss die Impulssumme der Zusatzvektoren gleich Null sein. 
my, he Me, 
Der Energiesatz lautet: 
Why hs 


Bei Nichtvorhandensein der Energieiibertragung miisste der Energiesatz lauten: 


m 
os » 


(3) 


Der Energiesatz gibt also fiir die Zusatzenergie die Gleichung 
my, Me 


@,, + @,,*) 4 (®»,*) AE 


Pascuen et al., Ann. Phys. 71, 142 (1923); Ibid. 84, 1 (1927); Berl. Ber. 19, 207 (1927 
Frrep. und 8S. Hacer. Optik 15, 686 (1958 
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Die Atome A und B erhalten also die zusiitzliche Energie 


Whe 
B: (2M Oe, E,. 


Ist die zusitzliche Energie AE gross gegen die mittlere kinetische Energie bei der 
Versuchstemperatur, so kénnen wir und gegen und m,, vernachlassigen. 
Die Atome A und B erhalten damit die Energien 


m be 


” 
1 2 
und ws, 


Da o,,* : my," = m,* : m,*, verteilt sich die Energie auf die beiden Stosspartner 


im umgekehrten Verhaltnis der Massen. 
In unserem Falle ist aber die mittlere kinetische Energie bei der Versuchs- 


, 


temperatur annihernd gleich AZ. Die Energieaufteilung hingt damit von «, 
bzw. w,' ab. w,' und sind bei gegebenem und , nicht eindeutig bestimmt, 


da der Impuls- und der Energiesatz weniger Gleichungen liefert, als Unbekannte 


vorhanden sind. Selbst fiir «, #, kOnnen wir damit eine verschiedene Energie- 


aufteilung bekommen. 
Fiir die mittleren Betrige der Geschwindigkeiten 6,’ und @,’ gilt: 


Or; VM, ym, 


Das Produkt ,' @,, ist ausser von den Betriigen auch noch von dem Winkel 
zwischen den beiden Vektoren abhingig. Abgesehen vom Einfluss dieser Winkel 


zwischen @,’ und m,, bzw. m,' und w,, verhalten sich die beiden ersten Summanden 
von (5) 


m, Ms 


Das Verhaltnis von £,, zu E,, wird also zwischen m, : m, und y/m, : +/m, liegen. 
Um fiir die Auswahl] der auszumessenden Linien einen groben Schitzwert 
fiir die Grésse der zu erwartenden Anderung zu bekommen, wollen wir so rechnen, 
als ob die Energie sich auch hier im umgekehrten Verhiltnis zu den Massen 
aufteilte. 
Zum Einfluss der verinderten kinetischen Energie auf die Linienbreite kénnen 


wir nun folgendes iiberlegen. Fiir den Fall, dass die Zusatzenergie AZ viel grésser 
ist als die mittlere kinetische Energie, haben alle Atome einer Art den gleichen 
Geschwindigkeitsbetrag z.B. v,,. Die Richtungen der Geschwindigkeiten werden 
iiber alle Richtungen des Raumes gleichmiissig verteilt sein. Fiir die Komponente 


in Beobachtungsrichtung haben wir daher eine gleichmassige Geschwindigkeits- 
verteilung von O bis w,, und von O bis —w,,. Da mit der Geschwindigkeit w eine 
Dopplerverschiebung Aj,—Av/e verbunden ist, ergibt sich als Linienform eine 
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gleichmiassige Intensititsverteilung iiber den Bereich 


Voraussetzung hierfiir ist natiirlich, dass andere Verbreiterungsursachen dem 
Dopplereffekt gegeniiber zu vernachliissigen sind. Unter den bei unseren 
Versuchen herrschenden Bedingungen sind aber die urspriinglichen und die Zusatz 
geschwindigkeiten in der gleichen Gréssenordnung. Die Zusatzgeschwindigkeit 
ist ausserdem fiir die einzelnen Stésse etwas verschieden. Man kann also iiber 
die Geschwindigkeitsverteilung und somit tiber die Linienform nicht ohne weiteres 
eine Aussage machen. Um trotzdem die Gréssenordnung der Veriinderung abzu- 
schiitzea, haben wir die Dopplerbreite bei der Versuchstemperatur und bei der 
Temperatur, die der vermehrten bzw. verminderten kinetischen. Energie ent 
spricht, berechnet. 

Bei der Auswahl der Linien, die fiir den Nachweis der Umwandlung von 
Anregungs- in kinetische Energie durch Anderung der Linienform geeignet sind, 
muss man Folgendes beachten. Der Einfluss auf die Linienbreite wird um so 
grosser sein, je grésser der durch die kinetische. Energie ausgeglichene Betrag 
AF ist. Der Wirkungsquerschnitt fiir diesen Prozess ist aber umso grésser, je 
kleiner AZ ist. Man muss also eine Linie von einem Niveau untersuchen, bei 
dem die Veriinderung der Linienbreite mindestens in der Gréssenordnung der 
urspringlichen Breite liegt, um einen gut messbaren Effekt zu erhalten. Um 
trotz des notwendigen grossen AEF und des dadurch bedingten relativ kleinen 
Wirkungsquerschnitts eine geniigend grosse Anzahl von energieiibertragenden 
Stoéssen zu erhalten, muss die der primir angeregten Atome méglichst gross 
sein. Dies erreicht man, wenn als primir angeregte Zustiinde metastabile Niveaus 
(7] gewahlt werden, die sich wegen ihrer langen Lebensdauer stark anreichern. 


Versuchsaufbau und Durchfiihrung 


Der Versuchsaufbau bestand aus einer Hochvakuumapparatur, die zur Her- 
stellung der Gemische diente, einem Hochfrequenzgenerator mit 49,68 MHz, der 
zur Anregung der Entladung benutzt wurde und dem mit einem Fabry—Perot 
gekreuzten Prismenspektrographen QG 55. 

Das Entladungsrohr bestand aus Quarz und war mit zwei Aussenelektroden 
versehen, mittels derer die Energie kapazitiv auf die Entladung iibertragen wurde. 
Um die von der Entladungstemperatur herriihrende Dopplerbreite gering zu 
halten, wurde das Entladungsrohr mit fliissiger Luft gekiihlt. Es wurde “end 
on” beobachtet und das Licht durch einen Silberspiegel umgelenkt. 

Hierbei entstand die Schwierigkeit, dass bei gekiihltem Entladungsrohr das 
Beobachtungsfenster sofort beschlug und sich mit einer Eiskristallschicht bedeckte. 
Versuche, diesen Misstand dadurch zu beheben, dass die Luft feuchtigkeit in der Um- 
gebung des Entladungsrohres geniigend gesenkt wurde, hatten nicht den gewiinsch- 
ten Erfolg. Schliesslich wurde das Fenster am Zufrieren dadurch gehindert, dass am 


Beobachtungsende um das Entladungsrohr eine Heizspirale geschlungen wurde. 


7| R. Frericus, Ann. Phys. 85, 362 (1928). 
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Durch Variation des hindurchfliessenden Stromes konnte das Zufrieren des Beo- 
bachtungsfensters gerade verhindert werden. Diese Methode hat aber den Nach 
teil, dass dem Entladungsrohr hierdurch zusitzliche Wirmeenergie zugefiihrt 
wird. 

Fiir die Feinzerlegung der Spektrallinien wurde ein Fabry-Perot-Interferometer 
der iiblichen Bauart benutzt. Die Halbwertsbreite do einer Linie der Wellenzahl 
o kann nach einem Verfahren von ToLANsky [8] folgendermassen bestimmt werden. 
Fasst man die Stellen der halben Intensitéit als Komponenten eines Dubletts auf 
und triigt in einem rechteckigen Schema in der obersten Reihe die Quadrate der 
Ringdurchmesser der einen Komponente bei den verschiedenen Ordnungen, und 
in der der anderen Reihe diejenigen der zweiten Komponente auf, so sind die 
senkrechten Differenzen innerhalb der Messgenauigkeit konstant Ae und die 
waagerechten konstant Ag. Hieraus ergibt sich die Halbwertsbreite do 


wobei d der Plattenabstand in em und Ae sowie Ag die Mittelwerte von Ae und 
Ag sind. 

Die Glasplatten hatten bei allen Aufnahmen einen Abstand von d = 25 mm 
und waren mit Silber verspiegelt. Die Apparatebreite wurde experimentell zu 
14 x 10-3 em™~! mit Hilfe der Linien einer mit fliissiger Luft gekiihlten Argonglimm 
entladung bestimmt und war damit doppelt so gross wie die nach der Forme! 


errechnete. 
Die optische Anordnung ist aus Abb. | zu ersehen. Hierbei wird in der “‘aiusse- 
ren Anordnung” gearbeitet, d.h. das Fabry—Perot steht im parallelen Strahlengang 


Entiadungsrohr 


Geisslerrohr 
Abb. 1. Optische Anordnung. 
zwischen den beiden abbildenden Achromaten. Die Justierung des Interferometers 
wurde vor jeder Aufnahme mit Hilfe des Spiegels 8, und der Original-Lichtquelle 
vorgenommen. Dies hat den Vorteil, dass das empfindliche Interferenzspektroskop 


nach der Justierung nicht mehr thermisch oder durch Erschiitterungen beeinflusst 


[8] 8. Totansky, J. Sei. Inst. 8, 223 (1931). 
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wurde. Mit Hilfe des Spiegels S, wurde das zwischen L, und L, sitzende Stufen- 
filter, das durch ein Geisslerrohr mittels Zwischenabbildung gleichmiissig aus- 
geleuchtet war, auf den Spektrographenspalt abgebildet. 

Fiir die Auswertung der Fabry—Perot-Aufnahmen wurde auf jede Platte eine 
Stufenfilteraufnahme mit der oben beschriebenen Anordnung gemacht. Da die 
Belichtungszeiten fiir die Fabry—Perot-Aufnahmen mehrere Stunden betrugen, 
wurde untersucht, ob die Neigung der Schwirzungskurve sich andert, wenn die 
Stufenfilteraufnahme in kiirzerer Zeit mit intensiverem Licht gemacht wird. So 
wurde einmal eine Aufnahme 4 Stund—und ein zweites Mal 5 min belichtet und 
bei der gleichen Wellenlinge die gleiche Neigung der Schwirzungskurven erhalten. 
Dies ist in Ubereinstimmung mit den Ergebnisse von Jackson [9], der bei Variation 
der Belichtungszeit im Verhiltnis | : 100 keine Verinderung der Neigung fest- 
stellen konnte. Dieses Ergebnis bedeutet also, dass der Schwarzschild-Exponent 
innerhalb des untersuchten Bereiches nicht merklich von der Intensitat abhingen 


kann. 


7 


Willkuriiche Langeneinheiten 


Abb. 2. Schwarzungsverlauf bei der Fabry-Perot Aufnahme der Ne-Linie 6128. 


Auf Grund dieser Feststellung wurden die fiir Stufenfilteraufnahmen 
Belichtungszeiten zu 10 min gewahlt. Die Schwarzungskurve, d.h. die Abhingigkeit 
der Schwirzung S = log 1/D vom Logerithmus der auffallenden Energie: log 
(J log J(t = const 1), ist nur im Bereich von S = 0,5 bis S = 1,8 gerad- 
linig. (D, Durchlissigkeit der Photoplatte; J, Strahlungsleistung.) Wahlt man 
nun nach W. Seidel als Mass fiir die Schwirzung W = log [(1/D) — 1], so zeigt 
diese W-Skala oft bis zu viel geringeren Intensititen eine lineare Abhingigkeit 
von log J. Da die untere Kriimmung der Schwirzungskurve von der Plattenart, 
vom Wellenlingenbereich und vom Entwickler abhingt, muss man in dem ein- 
zelnen Falle untersuchen, ob die W-Skala geradlinig wird und wie weit. 

Da am Zeiss’schen Schnellphotometer schon eine W-Skala vorhanden ist, 
konnten die W-Werte direkt abgelesen werden. Die Seidel-Skala wurde bis zu 


[9] D. A. Jackson, Z. Physik. 80, 59 (1933). 
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Werten von W 50 benutzt, was einer Schwiirzung von S = 0,1 entspricht. 
Die Schwirzungskurven der von uns benutzten Ramanplatten zeigen bis zu diesen 
Schwiirzungen einen linearen Verlauf. Die Bestimmung der Halbwertsbreite 
ergab sich folgendermassen: Zuerst wurde mit dem Schnellphotometer bei einer 
Spaltbreite von 0,25 mm die Schwirzungskontur der Interferenzstreifen mit der 
W-Skala Punkt fiir Punkt ausgemessen. Dies wurde fiir sechs Ordnungen rechts 
und links vom Zentrum durchgefiihrt. Da fiir die Bestimmung der Halbwerts- 
breite nur der Schwiirzungsverlauf bis zu der Stelle notwendig ist, bei der die 
Intensitait auf die Hilfte abgesunken ist, wurde in den einzelnen Ordnungen der 


Verlauf nur so weit ausgemessen, dass der Verlauf der Kurve bei der halben 
Intensitat genau festlag. Der Abstand bis zum ersten Messpunkt der nichsten 


Ordnung wurde notiert, sodass der genaue Abstand zweier aufeinanderfolgenden 
Ordnungen bekannt war (Abb. 2). An Hand der bekannten Schwirzungskurve 
wurde fiir jede Ordnung die Schwirzung bestimmt, die der halben Maximalinten- 
sitit entsprach. Damit konnten die Stellen festgelegt werden, bei denen die 
Intensitat der Linie auf die Halfte abgesunken ist. Nach dem oben angegebenem 
Schema kann hieraus Ab und Ag und damit die Halbwertsbreite bestimmt werden. 


Ergebnisse 

Inden oben erwihnten Versuchen hatten wir einen Einfluss von Stéssen 2. 
Art in He/Ne- und Kr/Hg-Gemischen festgestellt. Fiir die Untersuchung zur 
Veranderung der Linienbreite sind die Ne-Linien giinstiger als die von Hg. Denn 
durch Wahl des Druckes und der Stromstirke kann man es erreichen, dass die 
einzige merkliche Ursache fiir die Verbreiterung der Dopplereffekt ist. 

Wenn wir annehmen, dass beim Stoss die auf die beiden Stosspartner auf- 
geteilten Energien sich umgekehrt wie die Massen verhalten, so ergibt sich hieraus 
fiir Kr/Hg der auf das Hg iibertragene Anteil 


Mx 84 | 
Exinug = = AE = AE =~ AE 
Muy T Mx, 284 3,é 


Beim He/Ne-Zusammenstoss erhalt das Ne-Atom 


Vi 4 


Das Quecksilber erhilt zwar einen grésseren Anteil von AZ bei der Energie- 
aufteilung, aber Ne hat wegen seiner kleinen Masse (1/10 des Hg), bei gleicher 
Anderung der kinetischen Energie, eine 1/10 ~ 3.2 mal so grosse absolute Ande- 
rung der Dopplerbreite, so dass wir beim Ne trotzdem eine gréssere Anderung der 
Linienbreite erwarten kénnen. Die He/Ne-Entladung kann ferner in dem mit 
fliissiger Luft gekiihltem Entladungsrohr beobachtet werden (7' ~ 100°K). 
Hierdurch haben wir bei Ne eine mittlere kinetische Energie von ~0,025 eV, 
wihrend im Quecksilber, dessen Dampf nicht gekiihlt werden kann, eine mittlere 
kinetische Energie von 0,05eV bei Annahme einer Entladungstemperatur von 
400°K gegeben ist. 

Nach diesen Uberlegungen und den Vorversuchen erwies sich fiir das Gemisch 
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Kr/Hg die Hg-Linie 5859 A als einzige, die eine grosse Termdifferenz (AE ~ 
+559 em~') gegen einen metastabilen Kr-Term und trotzdem noch einen Einfluss 
durch Stoss 2. Art zeigt. Zum Vergleich wurde die Hg-Linie 5354 A mit einem 
AE ~ —108 cm~ ausgemessen. Die nach unserer Abschitzung sich ergebende 
Anderung der Linienbreite liegt in dem Bereich von 1 bis 3 x 10-3em-!, Da 
auch der maximale Fehler fiir die einzelnen Messungen in der gleichen Gréssenord- 


nung liegt, soll auf diese Messungen nicht weiter eingegangen sein. Die Mittel- 
werte von 3 Aufnahmen fiir jede der beiden Linien zeigen aber eine Veriinderung 


der Linienbreite in der erwarteten Richtung. 
Wie oben abgeschiitzt wurde, ist das Ne beim Stoss im He/Ne-Gemisch nur 
mit 1/6 am Energieausgleich beteiligt. Da die mittlere Energie im gekiihlten 


Entladungsrohr einem Wellenzahlenbereich von ~ 100 cm~! entsprach, miissten 
wir, um einen gut merkbaren Effekt zu erhalten, Terme mit einem Termabstand 
von ca 600 em~! untersuchen. 

Wie bekannt, besitzt das He zwei metastabile Terme (2s)2'S, und (2s)23S,, 
die wegen ihrer grossen Lebensdauer bei Erfiillung der anderen notwendigen 
Bedingungen in einem He/Ne-Gemisch bestimmte Ne-Linien intensiv anregen 
kénnen. Von den Termen, die in der Nahe des 24S, liegen, gehen nur Linien aus, 
die weit im Infraroten oder Ultravioletten liegen und so der photographischen 
Untersuchung nicht mehr zugiinglich sind. So bleiben noch die Terme, die in der 
Nahe des He 2'S, liegen. Von den in der folgenden Tabelle angefiihrten Termen mit 
geeignetem Niveauunterschied zum He 2'S, zeigten die beiden Terme 3s, und 


3s, den gréssten Einfluss in der Intensitat. 

Durch die starke Intensititszunahme der von 3s, ausgehenden Linien ist der 
Einfluss der Stossprozesse im He/Ne bemerkt worden. Ausgemessen wurden die 
Linien 6444 (3s,) und 6118 (3s,). Die Linie Ne 6128 A geht von dem um 2 eV 
(16,000 em~') unter den metastabilen Helium-Termen liegenden Niveaus 2p, aus 
und hat daher einen verschwindenden Querschnitt fiir Stésse 2. Art. Sie wurde 
deshalb als Vergleichslinie gewihlt. 


Tabelle 1. 


Termabstand gegen 


Ne-Term* 1 


in cm 


('P,) 387 


337 
38, @P,) 357 
38, 141 


* Die Bezeichnungsweise nach Russel-Saunders wird, obwohl sie fiir Ne nicht mehr ganz zulassig 
ist, zusitzlich angegeben, da aus ihr die Multiplizitatsverhaltnisse zu ersehen sind. Der Einfluss der 
Spinerhaltung spielt namlich, wiedie starke Bevorzugung der von 3s, ausgehenden Linien beweist, 
eine betrachtliche Rolle. 


Da sich allen Linien eine unerwartete Breitenzunahme tiberlagerte, wurde 
zu ihrer Deutung noch die Breite der Neonlinien 5913 A und 5203 A ausgemessen. 
[hre Ausgangsniveaus liegen um 757 cm~! und 3251 em~ iiber He 4S, und werden, 
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wie die Vorversuche zeigen, nicht durch Stoss 2. Art beeinflusst. Die Halbwerts- 
breiten (in 10~% em~') der oben erwahnten Linien sind in folgender Tabelle wieder- 
gegeben. 


Tabelle 2. 


65 


69 


Mittelwerte 
Ne 43 48 47 38 54 


67 53 


Anderung der Halbwertsbreite 
24 5 11 11 10 


Anderung durch Stoss 2. Art 
13 6 


Nach Messungen von Lane [10] zur Eigendruckverbreiterung der Ne-Linien, die 
bei Drucken von 1-300 Torr durchgefiihrt wurden, und der nach Theorie und 
Experiment verlangten Proportionalitat der Eigendruckbreite mit der Dichte 
ergibt sich im Falle des Neons bei dem Druck 0,1 Torr im Héchstfalle eine Halb- 
wertsbreite durch Eigendruckverbreiterung von 1 « 10-%cem~-!. Der Einfluss 
liegt aber ausserhalb der Messgenauigkeit. Da die Wechselwirkungskrifte zwischen 
gleichartigen Atomen wegen der zu den van der Waals-Kriften noch hinzutre- 
tenden Resonanzkriifte grésser sind, wird die Fremddruckverbreiterung im Falle 


des Gemisches erst recht keinen Einfluss auf die Breitenmessung haben. Um die 


Dopplerbreite der Neonatome berechnen zu kénnen, miisste man die genaue 
Temperatur der Atome im Entladungsrohr kennen. Sie wird oberhalb der Tem- 


peratur der fliissigen Luft liegen, da sowohl durch die Entladung, als auch durch 
die Heizspirale, die das Zufrieren des Beobachtungsfensters verhindert, staindig 
neue Energie zugefiihrt wird. Man kann aber fiir die Temperatur eine obere 


Grenze abschiitzen, aus der man ersehen kann, ob noch andere Einfliisse eine 
merkliche Rolle spielen. Da die Apparatebreite von 14 10-% em! bei diesen 
Temperaturen noch einen Einfluss hat, muss man sie beriicksichtigen. Das Appara- 


teprofil beim Fabry—Perot hat Dispersionsform, wiihrend das Doppler- Profil 


P. Lane, Acta Phys. Austriaca §, 376 (1952). 
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38, —> 2p. 385 4d, 2p, 2p,-> ls, 5d, 2p. 
6444 6118 5913 6128 5203 
43 48 46 38 53 
Ne 42 16 4s 38 54 
44 41s 46 37 55 
68 53 58 50 63 
He/Ne || 52 57 47 65 
|| 54 58 44 65 
He/Ne ee 58 49 64 
L . 
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Gaussverteilung zeigt. Das gemeinsame Profil gibt eine Voigtfunktion. Diese 
kann nach den von Elste gegebenen Tabellen wieder entfaltet werden. 

Aus der gemessenen Halbwertsbreite der schmalsten Linie 6128 und der 
Apparatebreite wurde so mit der Forme! fiir Dopplerverbreiterung bei unendlich 
dinner Schicht die Temperatur zu héchstens 130°K bestimmt. Dieser Wert 
liegt in der Gréssenordnung des erwarteten. 

Die mit héheren Quantenzahlen zunehmende Breite deutet auf einen geringen 
Einfluss von geladenen Teilchen durch Starkeffektverbreiterung hin, da die 
Starkeffektaufspaltung mit héherer Quantenzah!l zunimmt und andererseits in 
der Hochfrequenzentladung wegen der Pendelbewegung der Elektronen sich 
verhaltnismissig hohe Raumladungsdichten ausbilden. 

Der Vergleich der Halbwertsbreiten in reinem Ne und im He/Ne-Gemisch zeigt 
eine Verbreiterung siimtlicher Linien im He/Ne. Die Breitenzunahme an der 
Linie 6444 ist grisser, bei 6118 kleiner als an den drei Linien 5913, 6128 und 
5203. Hierfiir gibt es folgende Erklirung: Alle Linien zeigen eine allgemeine 
Verbreiterung von 11! im He/Ne-Gemisch. Dieser allgemeinen 
Verbreiterung iiberlagert sich die durch Stoss 2. Art hervorgerufene Verbreiterung 
von 13 10-% em~* bei der Linie 6444 und die Breitenabnahme von 6 « 10-3 em=! 
bei der Linie 6118. 

Die theoretische Abschiitzung fiir die zusitzliche Verbreiterung bzw. Ver- 
schmilerung nach oben angegebenem Verfahren ergibt fiir 6444 einen Zuwachs 
von 8 10> em~' und fiir 6118 eine Abnahme von 7 l0-%em~'. Da wir es 
hierbei nur mit einer sehr groben Abschiitzung zu tun haben. ist keine bessere 
Cbereinstimmung mit dem Experiment zu erwarten 

Zur Erklirung der sich allen Linien tiberlagernden Verbreiterung kann man 
sich folgendes tiberlegen. Die Gleichmissigkeit der Verbreiterung bei den drei 
Linien 6128 A, 5913 A und 5203 A, die von Termen wachsender Hauptquanten 
zahl mit ganz verschiedenen Starkeffektaufspaltungen ausgehen (2p,, 4d,, 5d,), 
scheidet den Starkeffekt als Verbreiterungsursache aus. Sie legen im Gegenteil 
die Erklarung durch eine erhOhte Temperatur im He/Ne-Gemisch nahe. Da im 
Gemisch die meisten Ne-Atome durch die besser wirmeleitenden He-Atome 
ersetzt werden und die Heizspirale am oberen Ende des Entladungsrohres so 
einreguliert wurde, dass das Fenster gerade nicht zufror, ist es verstandlich. 
dass im Gemisch im gesamten eine héhere Temperatur geherrscht hat. 


Zusammenfassung 


Der Ausgleich der Energiedifferenz bei Stéssen 2. Art bewirkt eine Vergré- 
sserung oder Verkleinerung der kinetischen Energie der Stosspartner. Die hierdurch 


veriinderte Dopplerbreite wird bei der Energietibertragung im He/Ne-Gemisch 
nachgewiesen. Die Breite der Ne-Linie 6444 mit einem Energieiiberschuss AE ~ 

i441 und 6118 A mit einem Energiedefizit von AE ~ —387 wiichst 
um 13 10-*em~' bzw. verringert sich um 6 « 10-%em~! bei Anregung durch 


Stoss 2. Art im Vergleich zur Elektronenstossanregung. 
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An infra-red study of the structure of the isomeric (so called) hydroxyureas 


MANSEL Davies and N. A. Sprers 
The Edward Davies Chemical Laborat ries, 
University College of Wales, Aberystwyth 


( Rece ived 5 March 1959) 


Abstract—The isomeric “hydroxyureas” are designated from their melting points as U,, and 
Ui go The infra-red absorptions have been studied from 4000-450 em™, and particularly with 
respect to those in related molecular structures. Deuteration helped us to recognize the 
hydrogenic features, It is found that U,, is an amido-hydroxylamine, CON H,-ONH,, containing 
both an amido and an amino (NH,) group: whilst Uj 49 is a genuine hydroxyurea, CON H,-NHOH. 


A variety of methods have been brought to the study of the isomeric so-called 
hydroxyureas, more particularly by Korop [1]: following the latter worker we 
shall designate these compounds by their melting points as U,, and U,,9. There 
is no need to review the data and deductions which have been advanced beyond 
indicating (see later) the various structural formulae which have some appreciable 
support from the facts. In view of recent studies in these laboratories of molecules 
with possible similar structures (amides [2], urea [3], formamidoxime [4], 
hydroxamic acids [5], methyl hydroxylamines [6]) it became of interest to examine 
the hydroxyureas by the methods of infra-red spectroscopy. 


Experimental 

Absorption spectra have been recorded using a double-beam grating spectro- 
meter (Grubb—Parsons G.S.2) from 4000-650 A single-beam KBr prism 
instrument (Grubb—Parsons 8.3) was used over the range 700-450 em. 

U,, was prepared from hydroxylamine hydrochloride and potassium isocyanate 
following the procedure of Korop to ensure the temperature kept below 0°C 
until the product was dry. From Et,O the recrystallized material had m.p. 71°C. 
Thin films of the solid could be produced on NaCl or KBr plates by evaporation 
of an ethereal solution. Its solubility in solvents appropriate for infra-red work 
was very limited but an almost saturated solution (c. 0-001 M) in CCl, gave very 
significant results in an 8 cm length cell balanced against a similar solvent one. 
The deuterated specimens were examined only as solid films or in paraffin or 
hexachlorobutadiene mulls. 

From ethyl carbamate (urethane) and hydroxylamine hydrochloride U,,, was 


H. Korop, Acta Chem. Scand. 8, 485 (1954) 
M. M. Davies and H. FE. Hatta, Trans. Faraday Soc. 47, 1170 (1951); J. C. Evans, J. Chem. Phys. 
22, 1228 (1954); M. M. Davies, J. C. Evans and R. L. Jones, Ibid. §1, 761 (1955). 
M M DAVIES and L H HorkKins, J. Chem Phys 53, 1563 (1957) 
| W. J. Orvitrte-Tromas and A. E. Parsons, J. Chem. Phys. 54, 460 (1958). 
W. J. Ornvitte-THomas and A. E. Parsons, J. Mol. Spect. 2, 203 (1958). 
| N. A. Sprers, Ph.D. thesis, University of Wales (1958) 


487 


15 
4 
13 
i4 
[6 


Manse. Davies and N. A. Srrers 


obtained by Runtt and Deeuenci’s improved method [7]: it melted, with 
decomposition, at 139-141°C. It proved to be even less soluble than Us in 
spectroscopic solvents, and its infra-red examination was confined to thin films 
deposited from EtOH solutions and to hexachlorobutadiene mulls. 

Deuteration of these compounds was effected by solution in excess 99", D,O 
and evaporation. Several repetitions carried out in a dry-box, within which the 
specimens were subsequently prepared for examination, ensured a high deuterium 
exchange in (OH) and (NH) groups. 


Ux 
For this isomer the following formulae must be considered. 


NOH NHOH NHOH ONH, 


NH, NH NH, NH, 
I 


il IV 


Of these (1) and (II) contain (C—N) bonds, (III) and (1V) the (C=O) group 
whose stretching frequency is well characterized in the infra-red: (II) and (IIT) 
have (OH) groups whose frequencies should be close to those of the substituted 
hydroxylamines, (I) and (II) have C—(OH) groups and (I) also an “oxime” 
hydroxyl. 

In CCl, solution U,, gave in the 3 4 region no signs of an absorption above 
3600 em~!, but two distinct absorptions at 3543 cm~' and 3427 cm~'! of similar 
appreciable intensities, and three very much weaker centres best located at 
3345 3304 and 3255 (see Fig. 1). For the hydroxy! groups in 
RH,OH, R-C:NOH, RNHOH, the observed stretching (O—H) frequencies, 
»(OH). in solution are (em~'): 3650, 3605, 3610, respectively. These figures 
strongly suggest the absence of the hydroxyl groups of structures (1), (II) and (IIT). 

Another mode of X—OH is the deformation (OH) vibration, d(OH), within 
the X—OH plane. This occurs usually between 1250-1650 cm~'. U,, shows an 
absorption which might be this mode at 1410 cm~', but this absorption is un- 
changed on deuteration although the 3 ~ absorptions are completely displaced to 
2580-2410 em~!. This is again evidence for the structure (LV). 

If we tentatively accept formula (IV), the 3543 and 3427 em~ absorptions are 
certainly the asymmetric and symmetric stretching modes of the (NH,) amido 


group, i.e. vy, (NH,) and Yeym(NH,); in CH,-C they occur [2a] at 3533 
NH, 
and 3415cem~'; in EtO-C (ethylearbamate) they are at [8] 3544 and 
NH, 


3430 


C. Rewti and 8S. Decuenct, Ann. tries. cura univ. Trieste 22-23, sez. 2a, 9 (1952-1953). 
[8 H E. HALLAM, Ph.D. thesis, University of London (1954). 
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Absorption, 
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‘4000 3800 3600 340 3200 300 4000 3800 320 


Fig. 1. Infra-red absorptions ot Use in CCl, Fig. 2. Infra-red absorptions of urethane and 
(approx. 0-001 M in 8 em cell). isopropylamine (each 0-0042 M) in Ct ‘I, 
(cell length 8S cm). 


It is of particular interest that the amino frequencies of O— NH, are very 
much weaker. This very obvious difference is explicable in terms of the different 


hybridizations of the nitrogen valencies, essentially (sp*) in the amido and (sp?) 


in the amino groups, with the different resultant polarities of the vibrations (9). 


The unusual weakness of »(NH,) absorptions has been established also in 
CH,ONH, where (in CCl,) they occur at 3326 and 3244 cm-!. This suggests the 
centres in U,,. at 3345 and 3255 em~ are the corresponding values, the absorption 
at 3304 cm~! being some combination tone which is stronger than the O- (NH,) 
fundamentals. The relative intensities are illustrated in Fig. 2 which shows the 


| 


60} 


40} 


%, 


3000 2800 2600 2400 2200 


Absorption, 


Fig. 3. Infra-red absorptions of nujol mulls of ‘“‘hydroxyurea”’. U,;, and deuterated Uss 
(dotted curve) in the region 4000—400 em~'. 


absorptions of EtO-CO-NH, and (CH,),CH-NH, each at 0-0042 M in the same 


8 cm of CCl, solution. Whilst the absorptions of the former at 3544 and 3430 cm-! 
are strong, those of the amine are scarcely detectable near 3400 and 3320 cm-!. 


[9] A. E. Parsons, C. T. OGpEN and W. J. Orvitte-THomas, J. Chem. Soc. 208, 1047 (1958). 
[10] P. A. Gievkre and I. D. Lry, Can. J. Chem. 30, 948 (1952). 
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In the solid state the above U,, absorptions become displaced to produce a 
broad band with several peaks near 3200 cem~! (Fig. 3). The displacement is due 
to the interaction—of the nature of hydrogen bonding—which occurs in the 
crystal. Whilst the assignment of individual centres in the absorption band is 
now a far more doubtful process than in solution, Table | includes an attempt to 
do this on the basis of observations in other related molecules. A striking simpli- 
fication of these absorptions occurs with their displacement on deuteration to 
c. 2500 


Table 1. Infra-red absorptions (em™?) in U,, (solid state) 


Absorption* Assignment 


34 ¥as(NH,)—C 
3300 vas(NH,) 0 
3247 s Veyr NH,) 0 
31758 NH.)— 
1881 v.w. 2. 955: (1094 790): 
w 2 (Y55 
1704) 

<<()) 

1675! 

1610s d(NH,)—— 
1570 sh. d(NH,) O 
1408 s p(t N) 

1332 v.w. (719 620)? 
1205s tu( NH,)—-O 
1094 m rock(NH,)—4 
W558 wag(NH, ( 
44s vas(CON) 

SSD 8 Pera (CON) 
wag NH, oO” 
719 v.w. to(NH.)— 
620 s HO N) 
523 w dt O—N) 


195) 


° Frequen es a 1 relative intensities im this tabk are the average 


values from several spectra; s strong; nm medium; sh shoulder; 


very weak 


General assignment 

Whilst the foregoing provides virtually conclusive evidence against any of the 
hydroxylie structures, the structure (IV) can only be accepted for U,. if it 
adequately accounts for all the absorptions recorded. In essentials it does this 
(see Table 1). 

The nine-atom structure will have twenty-one proper modes. Briefly these 
may be described in terms of the component groups, in the following approximate 
fashion. Each NH, group will contribute six modes: 


N- N N N N N 


H H H H H H H H 


vas( NH,) Ysym(NH,) d(NH,) tw(NH,) w(HN,) to(NH,) 


— 
H H H 
ot 
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vas(NH,): sym(NH,): d(NH,): the twisting of the (NH,) group: tw(NH,): a 
wagging, w(NH,); and a low-frequency torsional mode, to (NH,). 

These vibrations can be represented as shown for the HNH plane. There will be 
four skeletal stretching modes arising from the individual bond vibrations »(O—N), 
v(C—O), »(C=O) and »(C—N), and five skeletal angular deformations: two 
will be largely in the (OCON) plane, one perpendicular to that plane: another 
(CON) angle deformation in the CON plane and one out of that plane (i.e. a 
twisting about the C—O bond). Many of these deformations will be of too low a 
frequency to appear in our infra-red range. 

A strong absorption (see Fig. 3) resolved as a doublet in the solid at 1704 and 
1675 cm~ is assigned to »(C=O): the splitting is very probably a crystal field 
effect as it occurs in the solid state for methyl carbamate (1733-1700), ethyl 
carbamate (1718-1683) [8], acetamide (1733-1687) [2a], ete., but is not maintained 
in solution. The peaks at 1610 and 1570 cm~! are the d(NH,) modes of the amide 
and amino (NH,) groups, respectively. Both absorptions disappear from this 
position on deuteration which also simplifies (C—O) to a single intense absorption 
at 1670 In HCO-NHhg, [2b], CH,CONH,, C,H,;0-CONH, the d(NH,) mode is 
found [probably coupled with »(C—N)] at 1611, 1595 and 1614 cm~, respectively. 
In liquid CH,O-NH, [6] the amino-type d(NH.,) is at 1597 em-!. 

It can be anticipated that delocalized bonding will occur in the amide grouping 
(O—=C—N) and it is an open question to what degree this will extend to the (C—O) 
bond. The effect in the amide group is well known to increase the (C—N) bond 
order so that the corresponding frequency occurs in the 1250-1400 em-! region: 
thus the ras(NCN) and rym(NCN) in urea itself are at 1476 and 1004em-!. In 
U,, a strong absorption occurs at 1406 cm~! and this becomes 1416 cm~! on 
deuteration. This is the stretching frequency of the skeleton in (IV) which is 
conveniently but very crudely described as »(C—N). The increase on deuteration 
(A +10 em~') is exactly that observed in the vas(NCN) of urea and this shows 
that, unlike the corresponding frequency in the single amides which is markedly 
shifted by deuteration, this vibration is very largely confined to the “‘skeleton” 
and does not involve appreciable coupling with the d(NH,) mode. 


O—N 


The two remaining stretching frequencies arising from »(C—O) and »(O—N) 
are also of particular interest and they will indicate by their values whether 
there is any increase beyond single bonding in the (C—O—N) links. Were the 
whole skeleton in (IV) to be planar, then z-delocalization could take place over 
the five-atom system provided sp* hybridization accompanied the planar form. 
The obviously high order of the (C—N) bond does not suggest that further 
delocalization can be very pronounced and, in that case the (C—O—N) stretching 
frequencies should simulate those in O-methylhydroxylamine:  va.(CON) 
LOIS em=!: rym(CON) 846 cm~!'. Closely similar frequencies appear as strong 
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absorptions in U;,—at 944 em~! and 885cm~'. These are not separated to the 
same extent as those in CH,-ONH,, but, the mean values for the pairs (932 and 
915 cm~') are little different. That the frequencies so assigned in U,, are skeleton 
modes (and from their values necessarily of a stretching character) is proved by 
deuteration: the 944 cm~! absorption is unchanged, that at 885 cm~' moves to 
866 em~!, i.e. the mean value shifts to 905 cem~!. This small displacement is not 
unreasonable for the mass-factor change. 

The twisting, wagging and torsional modes of the (NH,) groups will be sensitive 
to their intra- and inter-molecular environments. A twisting (NH,) frequency 
occurs in CH,-ONH, (liquid) at 1167 em~' (in erystalline HO-NH, a similar 
vibration is at 1187 cm~') and so the strong absorption in U,, at 1205 cm~ is 
assigned to this mode for the (O-NH,) group. The wagging and torsional modes 
for this amino group are not identified: it is very probable that the torsional mode 
is of too low a frequency to appear in the range of the KBr prism. 

For the amido group where the whole (CNH,) is in one plane, the twisting 


mode of the (NH,) group now becomes a torsional mode: the wagging mode 


remains of the same nature: and the torsional amido becomes an in-plane rocking 
mode. These vibrations are fairly well recognized in the simple amides. Thus at 
1094 cm~! in solid formamide, at 1055 cm~! in urea and at 1086 cm~! in thiourea 
[11] there is the rocking mode of the amido group. Accordingly, the absorption 
at 1094cm~' in U,, which is removed on deuteration is assigned to the same 
vibration. An absorption centre at 955cem~' which forms a poorly resolved 
doublet with the 944 cm~' feature already discussed disappears on deuteration 
but appears as a shoulder in a partially deuterated specimen. Although low 
compared with the wagging frequency in urea (which is a rigidly planar structure), 
solid methylurea [12] and thiourea have each been ascribed wagging (NH,) modes 


at 980cem~!. The 955 cm~! feature of U,, is accordingly also assigned to this 


vibration. 

Two further weak absorptions at 790 em~! and 719 cm~'! may also arise from 
the (NH,) groups. The latter is near the frequency (712 cm~') for the torsional 
mode in urea and the former could be the wagging mode of the (O—NH,) amino group. 

In the KBr region one strong band appears at 620cm~', which is very 
plausibly taken as d(OCN) of the amido group. In urea (574 cm~'), methyl urea 
(655 em~'), formamide (595 em~') and N-methyl formamide (630 em~') this mode 
occurs at similar frequencies. A further weak absorption at 523 cm~' is probably 
a skeleton deformation mode: in CH,ONH, and CH,ONHCH, frequencies of 450 
and 515 em~! can be designated the d(CON) modes | 6}. 

This account of the spectrum provides strong corroborative evidence for the 
correctness of the formula (IV) for U,,, with the further indication that the (OCN) 
group has the characteristic frequencies of an amido structure whilst the (CON) 
residue exhibits normal single bonding. Accordingly U,. is not a hydroxyurea 
but rather an amido-hydroxylamine, (OCNH,-ONH,). This conclusion is in 
agreement with Exner’s recent deductions on classical chemical grounds [13]. 


. M. Davies and W. J. Jones, J. Chem. Soc. (1958). 
L. Werner, Ph.D. thesis, University of Technology, Sydney, N.S.W. (1957). 
O. Exner, Collection Czechoslovak. Chem. Commun. 335 (1957). 
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An infra-red study of the structure of the isomeric (so called) hydroxyureas 


Vio 

The infra-red evidence on the structure of U,,9, is not so complete as for U,,. 
The reasons for this are firstly that we failed to obtain satisfactory solution 
spectra owing to its insolubility in appropriate solvents: secondly, the deuteration 
was not so successful as for U,, nor were its indications so clear. 

Of the formulae (1), (11) and (III) the first two each have two hydroxy! groups 
which does not conform to the existence of only one ethoxy derivative [7]. The 
infra-red evidence provides strong support for formula (IIT). 

In the 3 4 region two clear peaks are found at 3413 cm~! and 3306 cm7! 
superimposed upon a broad absorption which extends from about 3400~' cm to 
2400 cm~!, with a shoulder near 3180 em~! and a distinct maximum at 2805 cm~! 
(see Fig. 4). Of urea derivatives, we may quote the N-methyl, V-propyl and U,, 
derivatives: in the solid these [12] have vas(NH,) at 3420, 3412 and 3401 em-, 
respectively: ysym(NH,) at 3215, 3220 and 3178em~!. Accordingly, we can 
recognize the 3413, 3180 cm~! features in U,,, as of similar origin. The mean of 
these two values, 3296 cm~', is an estimate of the position at which the uncoupled 
v(NH) vibration of component bonds should occur. The absorption at 3306 em~! 
in U,,4, is thus assignable to this mode. 

The broad band centred at 2805 em~' is, with high probability, r(OH) in a 
strongly hydrogen bonded structure. The comparative sharpness of the centre at 
2805 cm~' is reminiscent of »(OH) in some chelated structures [14]. 
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Fig. 4. Infra-red absorptions of a film (from Et,O) of hydroxyurea, isomer U,49 and of 
deuterated Usec (dotted curve). 


Deuteration was not quite complete. A small absorption remained at 3306 em~! 


when the 3413cm-! and 3180cm~! features had disappeared. This partial 
[14] R. S. Rasmussen, D. D. Tunniciirr and R. R. Brarrary, J. Am. Chem. Soc. 71, 1068 (1949). 
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reluctance of the (NH) group to exchange has been even more clearly established 
for .\-methyl urea [12] and its occurrence can be taken as corroborative evidence 
for structure (III). A trace of »(OH) at 2805 cm~' was also seen although the 
major absorption was now shifted to 2134cem~!. The other displacements were 
3413 —» 2560: 3306 — 2470: 3180-—+ 2430: which all give ratios 1-31—1-34 for the 
isotopic shift. 

Apart from the extreme insolubility in inert solvents, which is at least charac- 
teristic of simple urea derivatives, it would be difficult to provide as satisfactory 
an account of the above absorptions in terms of (1) or (11) as can be done for (III) 


Table 2. Infra-red absorptions in Uj (Solid state) 


Absorption * Assignment 


vas(NH,) 
v(NH) 
riQOH) 
O) and d(NH,) 
1590 v.s. d(NH): (amide IT). 
1488 Vas(NCN) 
1404 diOH) 
1109 rock (NH,) 
O78 Yeym(NCN) 
S11 y(OH) 
756 v(NQ): out-of-plane y(OCN,)? 
685 to(NH,)—C 
627 d(O—C—N)? 
521 d(N—C—N)? 


* Mean values: v.s very strong; s strong; m medium; 
weak; ah shoulder 


General assignment 


Beyond the 3 aw region four strong absorption peaks are found at 1631, 1590, 
1488 and 1404cm~'. On the basis of structure (111) one would expect to find here 
those characteristic vibrations of the amide group which can in the simplest 
terms be designated »(C=O), d(NH,), »(CN) and also d(OH). The last is readily 
recognized at 1404cm~', an absorption which disappears on deuteration: in 
related structures such as HO-HC:NOH and H,N-HC:NOH it appears at 1425 em~! 
and 1428em~'. The »(CN) mode is a little more adequately described as the 
asymmetric stretching of the (NCN) group, in which the (C—N) bonds will have 
some double bond character due to z-bond delocalization from (C=O). In urea 
this vibration is at 1476 cm~' and so very near the 1488 cm~! absorption in U, qo. 
That the mode is not entirely composed of »(CN) is shown by its displacement to 


1509 cm~' on deuteration, a change paralleled by the same freouency in methy! 
urea and explicable in terms of the coupling with the d(NH) mode which is lost on 
deuteration. This is a characteristic amide feature. 
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Of the absorptions at 1631 cm~' and 1590 cm~! the former is undoubtedly 
v(C=(O) or the amide (I) band: it is at 1610cem-! in urea. The 1591 em~-' is 
d(NH) or the amide (II) absorption, i.e. a coupled [d(NH) 4 v(CN)] mode. In 
this scheme d(NH,) is not identified as a separate absorption. It is not unlikely 
that it is included in the 1631 em~'! absorption: in urea the corresponding modes 
are very close together (1610 and 1620 cm~'). Following the observation that a 
similar coincidence in solid phenacetamide at 1665 em~' is revealed by the appear- 
ance of two absorptions (v(C=-O) at 1678 and d(NH,) at 1580 em~") in solution, and 
that the single absorption centred at 1600 cm~! in solid formamide is compounded 
of the 1680cm~! and 1611 em~' of the liquid, a saturated solution of U,,, in 
CH,CN was examined in a 0-4 mm cell. Two bands were then found—at 1695 
and 1577 cm! (mean 1636 em~')—which can be taken as the 1631 cm ! absorption 
resolved under the influence of the solvent: the 1590 em~! d(NH) band of the solid 
is probably moved further away under the solvent influence. These pronounced 
frequency changes accompanying change of environment are characteristic of the 
amide group, and taken in conjunction with the observation [15] that the »(C—N) 
frequency does not suffer such displacements in solutions, they provide strong 
confirmation for formula (II1) and against formulae (1) and (IT). 

At 1109 cm~' in U,,4, there is observed the rocking (NH,) frequency which is 
completely displaced on deuteration and already characterized at 1094 em~! in 
it isat 1108 em~'in N-methyl urea. The next absorption in U, is a relatively 
weak band at 978 em~' which appears to shift to 931 cm~! on deuteration. It 
seems probable that, despite the influence of deuteration, this is a skeletal 
stretching mode—two of these, which may be described as rgym(NCN) and »(NO), 
remain to be located. The exact character of these vibrations cannot be defined 
but it is reasonable to associate 978 em~! with rym(NCN): using the ras(CNC) 
already given, a mean »(CN) of 1232 em~! is arrived at, compared with 1240 em=! 
in urea. The only other frequency not appreciably influenced by deuteration is 
756 em~! (754cem~! on deuteration) and this may be the »(NO) mode, coupled 
with the rgym(NCN) or otherwise displaced to a lower value than would have been 
expected (c. 900 em~'). Of course there is no guarantee that all the fundamentals 
will appear as obvious infra-red absorptions and this 756 cm~! feature could 
alternatively be an out-of-plane bending mode (787 cm~! in urea) leaving the 
vy(NO) unidentified. 

A rather broad absorption of medium intensity at 811 em~! whichis completely 
removed on deuteration is probably the out-of-plane (O—H) deformation mode, 
d"(OH); which is of comparable intensity in similar molecules. An ill-defined 
absorption near 685 cm~', removed by deuteration, could be the torsional mode 
of the amido (NH,) group (712 cm~! in urea: 690 cm~' in methylurea: 719 em~" 
in U,,). 


In the KBr region two absorptions appear, at 627 em~! and 521 cm~!. They 


could, by comparison with urea, be skeletal deformation modes as in that planar 
structure d(O=-C—N) is at 574 em~! and d(NCN) is at 559 cm~'. These can only 
be tentative suggestions with the present data. Of the fundamentals which might 


[15] D. Hapzi and D. Prevorsex, Spectrochim. Acta 10, 38 (1957). 
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be expected in the frequency range studied and not mentioned above are a 
wagging (NH,) and an out-of-plane d"(NH). 

There is in total a firm body of evidence favouring structure (III) for U,4o. 
This is particularly true of the indications of an amido structure which, taken 
with similarities to the urea absorptions, strongly support the identification of 


U,y9 a8 hydroxyurea. No conclusions can be drawn as to the orientation of the 
(NHOH) group about the (C—N) bond but perhaps the restrictions on deuteration, 
the form of the »(OH) absorption, and the very low »(C=O) frequency point to 
an intra-molecular hydrogen bridge: 


H—O 


7 
| 
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Abstract 


shapes of infra-red absorption bands of the carbony!] stretching vibrations has been examined. 


The influence of spectrometer slit-widths and concentration of solutions upon the 


The apparent band widths, apparent extinction coefficients at band peaks, and integrated 


intensities of the carbonyl band of acetophenone and propiophenone in chloroform solutions 


were measured under different conditions. 
The experimental results are compared with those calculated using the procedure previously 


worked out by Ramsay. Some general conclusions have been drawn about the difficulties of 


determining the characteristic quantities of infra-red absorption bands. 


Introduction 


Tue study of the intensity and shape of infra-red absorption bands of liquid 


compounds or solutions has recently acquired an increasing interest because of 


its possible application to the determination of molecular structures. 


A systematic study of the intensity and shape of the carbony] stretching 
vibration band in some aromatic ketones has been started in this laboratory. It 


seemed to us interesting to study in detail two typical aromatic ketones: aceto- 


phenone and propiophenone. Such detailed study can provide the basis to establish 


the best measurement technique and may contribute to our knowledge on the 


effect of the slit-width upon the shapes and intensities of the bands, whose 


experimental study, initiated by Russet and THompson [1], has been recently 
advocated in the Report of the Committee of Molecular Spectroscopy of the 
IUPAC [2]. 

It is well known that the shape of infra-red bands depends at least on two 
parameters, the most frequently used being the half-band width, Avy,., and the 
molecular extinction coefficient at the absorption maximum, Z,. These would 
determine the integrated intensity, A, of the band if its shape could be accurately 


represented by a simple equation, such as that of Lorenrz, for instance, as 
assumed by Ramsay [3]. Obviously, this can only be a first approximation, and 
it would seem advisable to check it with experimental information on the greatest 
possible number of bands of different types. For this, it is necessary to study the 
influence of the slit-width and peak optical density on the three apparent 
quantities, Av{,., Z,,* and B. Here we report the results obtained for acetophenone 


m 


and propiophenone in chloroform solutions, as well as some measurements in 


carbon tetrachloride solutions. 


{l) R. A. Rossevi and H. W. THompson, Spectrochim. Acta 9, 133 (1957). 
[2] Union Internationale de Chimie Pure et Apliquée, Bulletin d'information No. 6 (1958). 


{3} D. A. Ramsay, J. Am. Chem. Soc. 74, 72 (1952). 
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Experimental 


lhe infra-red spectra were obtained by means of a Perkin-Elmer spectrometer, model 112 


with sodium chloride prism. The sample space has been dried with a telescopic dry-tube which 


tits the window holder of the source housing and may be pulled out to meet the face of the liquid 
cell. With this device, atmospheric water absorption can be reduced to a very low level. 

rhe samples of ketones, of a great degree of purity, obtained by fractionated distillation 
and fusions [4] were kindly supplied by Dr. CoLomina, head of the Thermochemistry Section of 
this Institute. The CHCI, and CCl, used as solvents were of analytical reagent grade from the 
Union ¢ himique Belge, S.A. 

lwo cells have been used, of fixed thicknesses 0-0700 and 0-0472 em, measured by means 
ot mterterence 


t 
lable 1. Acetophenone in chloroform; band at 1681 extrapolated Avy} 17-4em", 
1-9 mole~!-l.-em~! (log) B in (In) 


a 
10 2 A 1/2 
(em!) 


1-024 
0-492 


to to be bo 


0-937 
0-633 
0-500 
0-332 
0-259 


to to to be 


0-468 
0-246 
0-161 


0-936 3°46 
0-672 3-69 
0-651 3-70 
0-454 3°83 
O-328 4-06 
0-241 4-19 


18 


to te te to 


40 


0-682 3-02 292. 2-06 
0-681 3-02 22. 
0-378 3°36 23-5 2-16 
0-197 3-51 23- 2-30 
0-133 3°51 23: 2-28 


* In this series of measurements the spectrometer wavelength drive was operated with a speed of 
16 mim per revolution of the wavelength drum while in all the other measurements the speed was of 
4 min per revolution 


4} C. Larorre, Ph.D. thesis, University of Madrid (1957). 


98 


pi 
| 
7 
log a. 4 
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5-9 2.254 4-16 18-3 24 VOL. 
1-520 4-16 18-8 30 15 
1-126 1-44 18-3 ‘37 195¢ 
0 759 4-37 18-7 36 
0-562 4-61 18-1 245 
a 0-379 0-177 4-67 18-6 2-41 
2-254 381 18-6 2-09 
2-254 3-71 19-0 2-09 
- 1-126 4-16 19-3 2-32 
0-562 4-38 2-45 
O-379 4-25 19-8 2-35 
10-4* 2.702 19-2 OO 
1-822 19-8 “06 
1-757 20-0 
1-184 20-4 
21-0 35 
a S75 ‘91-2 
14-6 2-254 
2-254 
1-126 
0-562 
O-3ST9 
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lable 2. Propiophenone in chloroform; band at 1686 cm™'!; extrapolated Avj,. 
1-0 10? (log) B in mole™!-l.-em=? (In) 


m 


c-l- 10 7 Avi 


mole-|.~!-cm) (em!) 


2-113 
1-056 
0-610 
0-528 


O-411 


bo bo to bo be 
w 


w 


2-113 
1-056 
0-610 
0-411 


to to te to 


to to te te 
va 


0-610 
0-356 


2-113 
1-056 
0-528 “15 2-94 25°! 2-14 
0-356 26°: 2-34 


The values of log (7',/7) were measured on the spectra at intervals of 4 em™~! and over a 


range of 175 em! (100 em™! from the centre of the band to the region of increasing frequencies 


and 75 cm! to the region of decreasing frequencies). This range appears to be free from inter- 
ference with other bands. The apparent intensity, B, has been obtained extending the integral 


up to 100 


on both sides of the absorption maximum, assuming that the wings are sym 
metrical from 75 em! on both sides of the centre of the band. The integration was carried out 
using SrmMpson’s rule [5]. 

So far, no suitable method for the correct evaluation of the effective spectral slit-width has 
been established. In the present work this has been done using the expression given by 
WituraMs [6], taking account of the four passages of the ray through the prism in the model 
of spectrometer here used, and following the criterion of JONES and SANDORFY [7], i.e. taking 
F(s) land ® = 0, so that the errors which are introduced are of opposite sign. The values 
of s here given correspond to the peak of the bands; their variation along the width of the 
bands, anyhow, is very small. 

The experimental results obtained in chloroform solutions are given in Table 1 (for aceto- 
phenone) and Table 2 (for propiophenone). 


5| Handbook of Chemistry and Physics (38th Ed.), p. 318. Chemical Rubber Publishing Company, 
Cleveland, Ohio (1956). 

[6] V. Z. Witiiams, Rev. Sci. Instr. 19, 135 (1948). 

[7] R. N. Jones and C. Sanporry, Technique of Organic Chemistry Vol. IX; Chemical Applications of 

Spectroscopy Ch. IV Interscience New York (1956). 
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8 B- 10-4 
(em™!) 
3°7 0-747 3°53 20-3 
O-411 3-89 20-6 
0-243 3-99 20-5 
0-206 3-90 20-4 
| 0-168 4-09 20-8 
51 0-735 3-48 20-9 “16 
0-382 3-62 20-8 ‘21 
0-238 3-90 20-5 “38 
0-160 3-89 20-4 “35 
5-9 2-113 0-723 3°42 20-8 
1-425 0-505 3-54 21-4 
0-712 0-265 3°72 21-1 
0-356 0-133 3:71 21-2 
8-1 2-113 0-696 3°29 21-6 2-10 
15 1-056 0-358 3-39 21-5 2-10 
()-222 3-64 21-7 2-27 
0-132 3-71 21-9 2-27 
| 


J. Morcriiio, J. Herranz and M. J. De La Cruz 


Discussion 

Half-band widths 

It is well known that the apparent half-band width depends strongly on the 
spectral slit-width used, but also Av{,, depends slightly on the peak optical density, 
log (T,/T),,, especially when wide slits are used. For not too large values of 
log (7',/T),, this variation is approximately linear, as can be seen in Fig. I(a). 
The negative slope of the straight lines decreases as the slit-width decreases; 
for very narrow slits, Ar?, is practically independent of log (7',/7'),,. These results 
agree with Ramsay's calculations [3] and with the experimental measurements 
of and THompson [1]. 


02 Of 08 
tog (To /T 
Fig. 1 , Acetophenone; @, propiophenone. (a) Plots of Avy 2 against peak optical 
densities for different slit-widths: (1) 14-7, (2) 8-1, (3) 3-7, (4) 14-6, (5) 8-0, (6) 5-0 em~'. 
a t 
(b) Extrapolation of Avj,2 when s 0 for log 0-2; A and @, values of 


calculated from Ramsay's data. 


In order to obtain the true value of the half-band width, Av{,., it is necessary 
to extrapolate the values of Av{,. for s—>0. This is shown in Fig. 1(b) for the 
two ketones in chloroform solution, from the values of Fig. 1(a), for log (7',/7') 
(2. Similar curves are obtained for other values of the peak optical density. It 


m 


can be observed that, in order to obtain by extrapolation reliable values of Av} ., 


it is necessary to make measurements down to values of s < }Arf.. In Fig. 1(b) 
are also plotted the corresponding values of Av), calculated with Ramsay's [3] 
tabulation. The values of Av‘, thus calculated are not constant, but decrease as 
the slit-width increases, which suggests that in Ramsay’s tables the effect of the 
slit is overestimated. Thus, their application to calculate Av, from a single 
measurement of Av{,. with a given slit-width will lead to low values of Ay‘,0, 
especially for wide slits. These tables are, however, very useful to extrapolate 
Av, for s > 0 with greater reliability, as can be seen in Fig. I(b). For log (7',/ 
T),, > 0-2 the extrapolation is more easily done and also the variation of Av‘... is 
smaller when Ramsay's tables are used. The most convenient value of log (7',/7'),, 
to obtain Av{,. by extrapolation or approximately with Ramsay’s tables is of the 
order of 0-8 (~85 per cent absorption) using, of course, as narrow a slit as possible. 
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It is important for practical purposes to study whether the dependence of 
the apparent half-band width on the slit-width and the peak optical density can 
be expressed in a general form for any given band, as would be the case if the shape 
of these could be represented by a unique function. To this effect, Fig. 2 gives the 
generalized plot of Av{,/Av\,. vs. s/Avr{,. for the two ketones, for three values of 


Fig. 2. Plots of Am/Ar2 against s/Av;, for different values of log ( T’,/T),,: (a) 0-2, 
(b) fe) OB. Acetophenone; ©, propiophenone; . diphenylamine from RussELi 
and THOMPSON: calculated from RAmsay’s data. 


log (T,/T),,, namely, 0-2, 0-5 and 0-8. It is seen that the points for the two ketones 
can be fitted by the same curves, so that both bands can be expressed by an 


equation of the Lorentz type. 


The broken lines of Fig. 2 represent the curves calculated with Ramsay’s tables. 


The similarity with the experimental curves is remarkable, though, as we have 
said before, the calculated curves overestimate the effect of the slit-width. so that 


they lie slightly above the experimental ones. The results of Russeti and 


THompson [1] for indole agree with the present results and, in the generalized plot of 
Av{o/Avi. vs. 8/Av{,, their points lie in the same region, although they do not 
exactly fit our curves. On the contrary, RusseLL and THompson’s measurements 


for diphenylamine lie below ours (Fig. 2, dotted lines), which indicate a consider- 
ably smaller dependence of Av{,,on s than that allowed for in Ramsay’s calculations. 


Molecular extinction coefficient 


Similar considerations to those made about the half-band width can apply to 
the apparent values of the molecular extinction coefficient, Z,*. As seen in 
Fig. 3(a), this is a linear function of log (7',/7'),, with a negative slope which 
decreases slightly as s decreases, but £,,,* depends appreciably on log (7',/7'),, even 
for narrow slits (straight lines 3 and 6). Therefore, in order to estimate the true value 
of the molecular extinction coefficient, Z,,', by extrapolation of E,* to s — 0, it 
is convenient to carry out the measurements for small values of log (7',/7),. of 


the order of 0-2 (~35 per cent absorption). This is shown in Fig. 3(b), which also 
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shows the values of £.', calculated with Ramsay’s tables: these turn out to be 
almost constant in the present case. In order to obtain the extrapolated value of 


08 


-1 
log ( T/T cm 
Fig. 3 , Acetophenone; @. propiophenone a) Plots of molecular extinction co 
efficient against peak opti il densities for different slit-widths: (1) 14-7, (2) 81, (3) 3-7, 


4) 14-6, (5) 8-0, (6) 5-0 em~'. (b) Extrapolation of £,,* when s —+ 0 for log (7, y® O-2; 
A and A. values of E calculated from Ramsay's data 


E..‘ with some accuracy it is necessary to make measurements for s tAvt.. The VOL. 
plots of Fig. l(a) shown that the value of the molecular extinction coefficient 15 
cannot be obtained by extrapolation of the apparent values E,¢ to zero concentra 195° 


tion (log (7',/7'),, = ©) unless very narrow slits are used. 


inst s Avis for different values of log (7',/7') 
Acetophenone; @, propiophenone; calculated from Ramsay's 
data 
In the generalized plot of £,.‘/E* vs. s Ar!,. the points corresponding to the 
two ketones fit fairly well single curves, as can be seen from Fig. 4, for log (7, 7h. 
(2, 0-5 and 0-8. This figure also gives, in broken lines, the curves calculated with 
‘AMSAY'S tables; these agree with ours for small values of log (7',/7),,, although 
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it should be remarked that their dependence on log (7',/7'),, is much smaller, 
especially for small values of s/Av{,.. On the contrary, RussELL and THompson {1] 
find that, for indole, £,,* depends strongly on log (7',/7'),,, and for diphenylamine 
this dependence is similar to that of our results. Altogether, the measured values of 
E,* show a greater dispersion than those of Arf, so that the determination of 


E,,' by extrapolation of Z,,,* to s — 0 is less reliable than that of Av‘. 


Intensily 


The absolute intensity of the band has been determined using the method of 
Witson and Wextts [8-10]. According to Ramsay [3], the extrapolation of B 


| 
| 
| 


= 


02 04 06 02 04 06 
tog (T/T) m- log (To /T 


Fig. 5. Plots of apparent intensity against log (T,/7),, for different slit-widths 
(a) Acetophe none: (1) 50, (2) Ba. (3) 14-6 em! (b Propiophenone: l) 3-7, 
(3) 14-7 em" 


vs. log (7,/7),,. for liquids or solutions, is linear and the slope can be calculated 


from the value of s/Avr‘,.. If this were right, the true intensity of a band could be 


Table 3 


Ip 


0-29 2? 7 0-054 0-008 
0-46 2-4 O-O77 O-OLT 
0-60 75 0-145 0-028 
O-S4 0-098 0-051 
Propiophenone 3 O-19 0-067 0-004 
0-25 
O30 
0-41 
0-74 


0-069 0-006 
0-008 
0-073 
O-110 0-040 


te 


18] EF. B. Wuitson and A. J. Weis, J. Chem. Phys. 14, 578 (1946). 
(9) J. Morcit.o, J. Fernanpez Biarce and J. Herranz, Anales fis. y quim A52. 193 (1956) 
10) J. Morcitio0, J. Herranz and J. Fernanpez Biarce, Spectrochim. Acta. 110 (1959) 
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obtained from a single measurement of the apparent intensity, B. This would 
have great importance for systematic work. 

A linear extrapolation, with straight lines determined by the least squares 
method, has been carried out for each slit-width, from the values of B given in 
Tables | and 2. Some of these lines are given, as an example, in Fig. 5. The values 
obtained for A are given in Table 3, showing an acceptable agreement between 
the values obtained for different slit-widths, which justifies the linear form of the 
extrapolation, although the values of A tends to slightly increase as s decreases. 
Table 3 also gives the slopes z of the least squares straight lines and the values 
thence caleulated for the parameter 6(9 = z/2-303 x A) together with the values, 
$,, tabulated by Ramsay. Fig. 6 gives a plot of the values of 6 found in the 
present work for acetophenone and propiophenone in chloroform solutions, those 


| 
| 


Fig. 6. Plot of 6 as a function of « Ar, 2. . Acetophe none; ©. propiophe none, present 

work; , diphenylamine; A, indole, from Russet. and Tompson; predicted 
from Ramsay's data. 


found by Russe.t and THompson for indole and diphenylamine, and the curve 
of the values predicted by Ramsay. It can be seen that the experimental values 
of 4 found in this work are appreciably higher than those calculated by Ramsay 
and close to those found by Russet and THompson for indole. On the contrary, 
the influence of s on the slope is smaller than calculated by Ramsay. 

[t is interesting to compare the experimental values of A with those calculated 
from the equation 


2-303 B,,'. Avi, (1) 
proposed by Ramsay assuming a Lorentz band shape. With this equation and 
the experimental values of Z,,‘ and Ay‘, the intensities for acetophenone and 
propiophenone are 3-08 10* and 2-90 104 mole-l.-cm-? (In). These are 
23 per cent higher than the experimental mean values, 2-47 « 104 and 2-36 »« 104 
respectively. These discrepancies are reduced to about 17 per cent when the 
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correction due to the wings in the experimental values of A (5-4 and 6-6 per cent, 
respectively) is taken into account. The estimate of this wing correction, or the 
adoption of a new definition of the integrated intensity which would eliminate it, 
is still another unsolved problem. In the present work log (7/7) has been 
measured beyond 100 em~! above the centre of the band, using sufficiently con 
centrated solutions. The values thus found are of the same order as, though 
slightly lower than, those calculated with Lorentz’s equation and a triangular 
slit. This suggests that such equation gives at least an approximate account of 
the absorption in the wings and, in ignoring these in the experimental measure- 
ments, one can introduce errors of the order of those tabulated by Ramsay [3]. 

If the wing correction is neglected, the factor 7/2 1-57 of equation (1) 
must be substituted by a smaller one, thus resulting 1-27 for acetophenone and 
1-28 for propiophenone, which agree more than would have been expected in 
view of the experimental errors. 

From a practical point of view it is more convenient to write equation (1) in 
the form 

2-303K . £,,* . 


and to study, in different bands, the variation of A with the apparent peak 


optical density and with the ratio s/Av{,. Fig. 7 gives (full lines) the average 
variation of K vs. s/Av{. for the two ketones here studied. The experimental 


0-4 


Fig. 7. Plot of the factor K against s/Avr, for different values of log (7,/7'),,: (a) 0-2, 


(b) OS, (e) OS: experimental smoothed curves for acetophenone and 
phenone; predicted from Ramsay's data 


points have now, of course, a relatively large scatter, since the errors in the 
measured values of £,,*, Av? and B add up. However, one can clearly see from 
the same figure that the experimental curves differ appreciably from those 
predicted by Ramsay (broken lines). It is interesting to notice that, for small 
values of log (7',/7'),, (of the order of 0-3), K is practically independent of the 
slit-width, for not very wide slits. The value of K, extrapolated for s — 0 (Fig. 
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7), is 1-28, as should be expected, since this corresponds to EF," —» E,,' and 
Av? —» Av)», 80 that equations (1) and (2) become identical. 


Carbon tetrachloride solutions 

The influence of the solvent on the shape and intensity of infra-red bands has 
heen the subject of many researches (see, for instance, [11]). In the present work, 
some measurements have been made on the shape and intensity of the C—O 
bands of acetophenone and propiophenone in carbon tetrachloride solutions. The 
results are given in Table 4 and agree with what one should expect from the 


Table 4 


Compound Solvent 
Acetoph« ‘ly 1680 
CHCl, 1681 


Propiophenone ly 1604 
CHCl, 1686 


polar character of CHC],, which originates hydrogen bonds of the type >C 
O----H—CCl, with the ketones. 

As it is known, this interaction affects the C=O stretching band by decreasing 
the peak frequency and broadening the band (i.e., decreasing FE‘ and increasing 
Ay‘,.) while increasing the integrated intensity. 

The value here given for the intensity of acetophenone in CCl, solution is 
exactly the same as that found by THompson and Jameson [12]. On the contrary, 
our intensity values for the two ketones in CHCI, solution are higher than those 
of THompson et al. [13] who found in this solvent rather low values for the 
intensities of acetophenone and propiophenone (1-97 » 10 and 1-81 104 mole-!- 
|.-em~*, respectively). 

Concluding remarks 

It appears from the above discussion that Ramsay's tables are only a first 
approximation for a quick calculation of the characteristic quantities of infra-red 
absorption bands. Their applications may yield acceptable results for the molecular 
extinction coefficient, but rather inaccurate one for the half-band width and for 
the integrated intensity. Disagreement with experiment might be partly due to 
uncertainty in estimating the effective spectral slit-width, to lack of constancy 
in the intensity of the incident radiation J, (worsened in our case by atmospheric 
water absorption), to the actual slit function non-triangular (as RAMSAY assumes), 
to electronic and mechanical inertia in the recording system, etc. However, we 


1) H. W. Tompson and D. 8S. Jewe Spectrochim. Acta 13, 254 (1958). 
2) H. W. Tuompson and D. A. Jameson, Spectrochim. Acta 18, 236 (1958). 
3) H. W. Tuomeson, R. W. Neepuam and D. Jameson. Spectrochim. Acta 9, 208 (1957). 
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believe that the main reason lies in the basic assumption that there is one single 
shape for all bands. If this assumption were correct, then one could construct 
tables like Ramsay's, whether theoretical or experimental, which would be 
greatly useful and generally valid. This seems, however, rather unlikely. The 


first point to study would be whether there is a common shape for all really 


simple bands, even if it cannot be expressed by a simple equation of Lorentz 
type. In practice the problem is frequently complicated by the presence of 
overlapping bands giving rise to shoulders which make the bands asymmetric. 
It is therefore interesting to make measurements on different bands under 
extremely careful experimental conditions, if possible normalized. In particular, 
it would be very convenient to define a spectral slit-width which might be experi- 
mentally determined (for instance, in terms of the shape of several bands selected 
from a small number of standard compounds), and to calibrate the spectrometers 
in a similar, though rather more complicated, way to that now currently used in 
frequency calibrations. Similarly, it would be very convenient to define a 
practical integrated intensity in which the wings correction was avoided, for 
instance, limiting the integration interval to two or three times the half-band 
width on either side of the band centre. In this way, it would be possible to 
compare data on band shapes and intensities obtained in different laboratories, 
and there would be available a sufficient number of measurements to decide 
whether infra-red bands, at least the simple ones, can be classified according to 
their shape in one or several general types. This could be a very useful help for 
carrying out systematic measurements and for using the results in the study of 
molecular structures. 
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Effect of source damping upon matrix effects and repeatability 


T. P. Scurerper and R. F. Masxowsk1 


Research Laboratories, General Motors Corporation, Detroit, Michigan 


Rece 6 January 1959) 


Abstract. —With low voltage condensed spark sources of the Multisource type it is possible to 
obtain discharges which deposit carbon from the counter electrode upon the sample surface. 
This type of discharge, which occurs near critical damping, has been investigated by changing 
the damping resistance in small increments. 
It was found that critical damping occurs at a lower resistance value than predicted by 


theory and that spectral intensity reaches a minimum at this point. 


Analytical curves and repeatability studies using cast iron, low alloy steel and tool steel 


samples indicate that slightly oscillatory discharges give the best analytical results. 


Introduction 

DIscHARGES in the region of critical damping [1] which are obtainable on low 
voltage condensed spark sources such as the Multisource [2] have been found 
useful in the analysis of a variety of alloys.* Barre. and GoLpsLarr [3] have 
found they can analyse low alloy steel and cast iron from the same analytical 
curves using such a discharge. When the sample has positive polarity with 
point-to-point electrode geometry and a critically damped discharge is used, 
carbon from the counter electrode deposits upon the sample surface.t BartTe 
and GOLDBLATT report that this deposited carbon permits samples with widely 
differing carbon contents to respond similarly. The present writers feel that the 
carbon deposit may serve an even more important function by reducing oxidation 
in the sparked area. Other work done in this laboratory [4] has shown that control 
of sample oxidation can result in analytical improvements. 

The work described in this paper was divided into two phases: (a) an investiga- 
tion of the spectrochemical character of the discharge with small changes in 
damping resistance; this was done because the normal increments available on 
the Multisource (2, 3, 5, 10 Q, ete.) result in pronounced changes in the physical 
appearance of the burn; and (b) three resistance values corresponding to 
slightly oscillatory, critically damped and overdamped discharges were selected 
and their applicability to the simultaneous analysis of low alloy steel, stainless 
steel, cast iron and tool steel was investigated. This was done by obtaining 
analytical curves and repeatability data with the three conditions. 


* S. W. Damian of U.S. Steel, Duquesne Division, in a private communication has emphasized the 
sensitivity of these conditions to small changes in resistance 

* X-ray diffraction analysis of the black deposit in the spark burn of a low alloy steel indicates it is 
graphite and iron carbide 

M. F. Hasier, Trans. Inst. Meas. Conf. Stockholm (1949). 

M. F. Hasier and H. W. Drererrt, J. Opt. Soc. Am. 33, 218 (1943). 

R. Barret and A. GoLpBLatrt, Spectrochim. Acta. 9, 227 (1957) 

T. P. Scurerper and R. F. Maskowsx1, Unpublished data 
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Experimental 
The first experiment consisted of varying the damping resistance from 1-5 to 
3-5 Q in increments of approximately 0-2 Q. This was done by adjusting the tap 
on the 5 Q resistor, which is normally set to give the 2 and 3 Q values. The 
residual resistance in the circuit, approximately 0-2 Q, was ignored. The other 
conditions are given in Table 1. Measurements of the relative intensity and 
adjacent background of the lines given in Table 2 were made at each resistance 

setting. These data are shown in Figs. | and 2. 


Table 1. Equipment and excitation conditions 


Applied Research Laboratories, Model 
$200, Industrial Research Quantometer, 
Equipment Model 4700 High Precision Source 


Voltage, d.c. (V) 940 

Capacitance (uF) 10-5 

Inductance («#H) 32 8R* 

Resistance ({2) Varied from 1-5 to 15 


No. of discharges per sec 60 


Polarity Upper electrode (sample) positive 


> 


Analytical gap spacing (mm) 3 
Type of sampk 4-1} in. diameter 

Sample finish 120 grit belt 

Counter elect rode 120° cone } in. diameter graphite rod 
Preburn (sec) 30 


Exposure (sec) 207 


* The total inductance is the sum of the residual inductance (32 4H) plus the inductance due to 
the resistors which over the resistance (2) range considered increases at the rate of 8 wH/Q 
+ Varied with different types of samples 


Table 2. Analtyical lines for Figs. 1 and 2 


Wavelength =xcitation potential 


Element (A°) (eV) 


4404-8 
2997-3 
3013-1 
2516-1 
2933-1 


For the second experiment resistance values of 2-0, 2-5 and 3-0 Q were selected 
and analytical curves and repeatability were obtained for samples of low alloy 
steel, stainless steel, cast iron and tool steel. The analytical lines are given in Table 3. 
The analytical curves for the elements investigated are shown in Figs. 3 through 7. 
Because of the wide variation in the iron content of the samples (from 70 to 94°, 
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Fe) the element compositions are expressed in terms of the ratio of element 
concentration to iron concentration. The repeatability data, which were obtained 


by running eleven determinations on selected samples, are shown in Tables 4 and 5. 
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Fig. 1. Variation of spectral intensity with added Fig. 2. Variation of line to background 
resistance (residual resistance approximately 0-2 () ratio with added resistance Spectral 
lines are given in Table 2. 


Spectral lines are given in Table 2 


Table 3. Analytical lines for Figs. 3 to 7 


Wavelength Excitation potential 


(A°) (eV) 


Element 


Fell Internal Standard 


Mn 2933-1 12-85 
Sil 2516-1 4-95 
Nill 2316-0 13-97 
2677-2 12-95 


Moll 


(% Mn / % Fe) x 


Chart reading, arbitrary scale 
Fig 3. 
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Table 4. Repeatability 


Percentage standard deviation 


Sample Average 


Mn Si Ni Cr Mo 


2-0 2-11 2-78* 2-68 1-34 3-33 2 
Cast iron 9-5 »-H0) 6-06 5-20 2-44 3°35 3 
2.22% 5-26 1-19* 2-76 2.77% 


2-0 2-84 4-26 2-75* 1-15* +69 2-04 
Low alloy steel 2-5 2-78 3-01 2-80* 1-29* 2-43 2-46 
3 2-74 2-13* 5-66 2-52 3°35 


2-0 ‘69 3-85* 1-63 t-Ol 2-30* 
Tool steel 2-5 4-32 8-66 1-25 6-41 5-16 
3: 3-47 1-55 0-94 2.95* 2-23* 


Individual values were cal ulated from eleven determinations. The values marked with an asterisk 
are significantly smaller than the largest in the group Underlined values are significantly the smallest 


in the group These differences were determined by means ol the F-test at the 05 per cent confidence 


level. These comments also apply to Table 5. 


Table 5. Repeatabilit V 


R Percentage standard deviation 
‘ Average 


Mn Si Ni Cr Mo 


2-0 3-63* 2-72* 1-37 3-68 7 
9-5 3-23 5-91 4-00 1-66 4-06 3-76 
3-0 2-88 1-97 5-46 1-55 3-10 2-82* 


Above data are averages of the cast iron, low alloy steel, and tool ste | data given in Table 4 Asterisks 
and underlines have same meaning 4s in Table 4. 


Discussion 

The interesting feature of Figs. 1 and 2 is the definite minimum which occurs 
in the region of 2-5 Q. This is the region where critical damping occurs as indicated 
by oscilloscope traces. Figs. | and 2 indicate this point much more sharply than 


oscilloscope traces. 
The value of 2-5 Q for critical damping is considerably less than that predicted 

by the equation, 


By substituting the values of C (10-5 wF), and L (32 + SR) from Table 1 into the 
above equation the resulting quadratic equation gives a value of R = 6 Q for 
critical damping. This large difference between measured and computed values 
must result from the energy lost in the analytical gap and the reignition voltage 
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of the gap. This was borne out by varying the analytical gap spacing and 
observing oscilloscope traces for the 2-5 Q condition. As the gap was reduced 
from the initial 3 mm spacing the frequency of occurrence of the second oscillation 
increased until an essentially oscillatory condition was obtained with a 0-5 mm 
gap. This indicates that the damping is a function not only of resistance but also 
of analytical gap spacing. It follows that the damping is also a function of gap 
geometry and sample composition, since these factors affect the arcing and 
reignition voltages. 

Fig. | indicates that are and spark lines are affected in much the same way 
by resistance changes. The deviation of the Mn and Si intensities for the 10 Q 
condition may be caused by selective vaporization of these elements for this 
condition. 

An interesting feature of Fig. 2 is that the lowest line to background ratio 
occurs in the region of 2-5 Q so that better detectability is obtained if this area 
is avoided. 

The physical appearance of the burn changes appreciably with variations in 
resistance. The carbon deposit surrounding the spark crater is largest at the low 
resistance values and diminishes in size until it completely disappears at 15 Q. 
The spark crater itself diminishes in size in a similar manner until the resistance 
is of the order of 5 Q and then increases slowly. Below 2-5 Q the black deposit 
on the burn is interrupted by an occasional bright metallic fleck. Above 2-5 Q 
the black deposit has an unbroken matt finish. 

The analytical curves shown in Figs. 3-7 indicate that the points fall 
somewhat closer to a single curve for the 2-0 Q condition. 


The repeatability data given in Tables 4 and 5 indicate that the 2-0 and 3-0 
conditions are superior. The only case where the 2-5 Q condition is ¢ 
is for low alloy steel. The generally lower repeatability for the 2-5 © critically 
damped condition may result from a sensitivity to small variations in the analytical 
gap parameters which affect the occurrence of a second oscillation. 
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Characteristic infrared absorption frequencies of thiol esters and 
related compounds 


R. A. Nyeuist and W. J. Ports 


Spectroscopy Laboratory, The Dow Chemical Company, Midland, Michigan 


(Re ceived Is March 1958) 


Abstract—The effects of chemical structure upon the carbonyl stretching frequencies of thiol 
esters are discussed, and shown to be generally similar, with certain modifications, to the 


corresponding effects upon ordinary ester carbonyl frequencies. Other absorption frequencies, 
0 0 


characteristic of the —-C-—-C--S——group in thiol esters, the H—-C--S— group in thiol formates, 
0 0 


the (—C—SH group in thiol carboxylic acids, and the C-—-C-—-S— group in salts of thiol 
carboxylic acids have been noted, and their probable vibrational modes discussed. 


ONLY a relatively small amount of data on infrared spectra of thiol esters has been 
obtained [1-6], and on the basis of this data it has been concluded [5] that the 
structural factors which affect the carbonyl stretching frequency in normal esters 
do not do so in thiol esters. This investigation has attempted to re-examine this 
question, and to establish the characteristic “group” frequencies for the structure 
0 


(—S— in thiol esters, thiol acids, and their metal salts. The availability of a 
great number of thiol derivatives has made this study possible. 


Previous work 


RASMUSSEN and Bratrarn [1] have shown that in a number of simple open- 
chain aliphatic thiol esters the carbonyl] stretching frequency occurs at 1675 cm~; 
this was observed for saturated aliphatic thiol esters, as well as their «-amino and 


«:3-unsaturated derivatives. 
Barnes et al. [6] have also noted the carbonyl stretching frequency to be 


1} R. 8. Rasmussen and R. R. Brarrars, The Chemistry of Pencillin p. 404. Princeton University 
Press (1949). 

2) M. Havrprseners, C. 8. Stokes and A. Novirr, J. Am. Chem. Soc. 74, 4005 (1952). 

(3) M. Haurprscuers, C. 8. Strokes and A. V. Grosse, J. Am. Chem. Soc 74, 1974 (1952). 

[4) C. D. Hurp and K. L. Krevz, J. Am. Chem. Soc. 72, 5543 (1950) 

5) L. J. Becuamy, The Infra-red Spectra of Complex Molecules (2nd. edition) p. 188. Methuen, 
London and Wiley, New York (1958) 

[6) R. B. Baryes, R. C. Gore, V. Lipper and V. Z. WiitiaMms, Infrared Spectroscopy. Reinhold, New 

York (1944) 
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Fig. 1. Infrared spectra of (a) butyl thiol acetate (b) phenyl thiol acetate (c) butyl thiol 
Obtained in 10°, solution in CCl, 24-74 yw, in CS, 


benzoate and (d) phenyl thiol benzoate. 4 
74-15 nw. Spectrum of butyl thiol benzoate shows a small amount of benzoic acid impurity 
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1676 cm~' for simple aliphatic thiol esters. Their explanation for this low frequency, 
as compared to ~1735 em”! for ordinary aliphatic esters, is the greater relative 


importance of the resonance structure R—C--S—R’, as compared to R—C--O—R’ 


in ordinary esters 
HAupTscHern ¢f al. |2, 3] have reported the carbonyl stretching frequency in 


various perfluorinated thiol esters to be 1680 em=!; they have attributed this 


remarkably small difference in carbonyl stretching frequency between fluorinated 


and non-fluorinated thiol esters, compared to the difference observed between 


fluorinated and non-fluorinated ordinary esters, to the greater polarizability of 


the sulfur atom, as compared to oxygen in ordinary esters. 


Experimental 


The thiol esters used in this study were prepared by a modified Schotten- 


Jaumann reaction 


H—S—B ——»> A—C—S—B 


pyridine 


Cl 


where A and B are either alkyl or aromatic groups. 

All of the spectra were obtained with a double-beam infrared spectrometer 
with NaCl opties.* All spectra were obtained in CCl, solution (2-5—7-5 mw) and in 
CS, solution (7-5-16 ~). Nujol mull spectra were also obtained for compounds of 
low solubility in CCl,-CS,, but all of the data in Table 1 are from the spectra of 
the compounds in CCI,-CS, solution. A few representative spectra are shown in 
Fig. 1. 

Table | has been arranged by compound type. In column 3 is tabulated the 
carbonyl! stretching frequency; and in columns 4, 5 and 6 are other characteristic 
frequencies, their assigned modes labelled for the various compound types (see 


discussion below). 


Thiol esters 


The carbonyl stretching frequency 


Comparison of ordinary and thiol esters. As is listed in Table 1, series 1, com- 
pounds of the type R—CO—S—R’, where R and R’ are saturated aliphatic 


hydrocarbon radicals having no polar groups in the vicinity of the thiol carbonyl 
group, consistently have an intense absorption at ~1690 em~!. There can be no 
doubt that this is essentially a carbonyl stretching vibration, and has been so 
assigned by other authors (see above). Ordinary esters of analogous type 


* The factors which influence the carbonyl frequencies of normal esters (—-C—O—) have been 
discussed extensively (see, for example [5] Chapter 23), and it will be assumed that the reader is familiar 
with the effects of resonance, induction and steric factors on ordinary carbonyl frequencies. 


+ This instrument was designed and built by The Dow Infrared Instrument Laboratory [7]. 


[7| L. W. Herscner, H. D. Runt and N. Wricurt, J. Opt. Soc. Am. 48, 36 (1958). 
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Table 1 


stretch stretch 

stretch (em!) (cm 
i 


No Compound type Others 


fem } 


1. | R,—C—S—R, (RB, 


, butyl, 
hexyl or benzyl) 


1695 955 


1137 


1691 


937 


1693 


1111? 


1671(s) 
1699(m) 


1089 1000 


1682(s) 1085 990 


1703(m) 


1699 


1032 


1669(s) 
1691 (m) 


1072? 


R, C—_S—4 (¢ both 
phenyl and simply 
substituted phenyl) 


1711 


1111 


1710 1088” 


1710 1111? 


1691(s) 


1725(m) 


1065 


1700s) 
1736(m) 


1070 


711 


‘H,Br 1695 L060? 


CF, 930 


) 


3. &—C—S—R (R = butyl, 
hexyl, benzyl) 


1665 


: 
0 
(a) R,—CH, 
(b) C,H, 
(d) 
(e) CHCl, 
(gz) CH,Br 988? 
Lie 
15 (h) CF, 1710 955 
659 
(a) R,—CH, 947 
(b) C,H, 925 : 
(c) CH,—CH,—CH, 975? 
(d) CH,Cl 986 
(f) CCl, 1018 
L710 
(h) 
(a) @ || 1203 915 
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Table 1 (cont.) 


Compound type C—O 
ompou! e 
I stretch 


stretch (em~! 


} 
(em!) 


1648 
1675 


L701 (w) 


1640 
1672 


1665 


1670 


1669 


S—d, (¢d, = phenyl, 
sunple substituted phenyl, 
with naphthyl) 


1667 
1690 


G06 
1713(w) 


1696 


oO 
stretch her 
b 1205 920 
F 
‘ 1193 
OCH, 
ae d) 1679 1205 910 | 
1 
= e) 1198 935 
15 
(f) 1195 438 
(g) Br 1204 913 
oO 

(a) 1685 1205 898 
(b) 
F 

(c) -- 1198 808 | 
Cl 
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Table 1 (cont.) 


C—C C—S 

stretch stretch 
stretch (em~!) (em!) 
(em!) 


Compound type Others 


1700 


1200 


1640 


1652 1190 
1700 1190 


OCH, 


1689 


1680 900 


1686 


\ 
(d) 1198 898 
Br 
(e) 1698 897 
(f) 1192 918 
OH 
| 
] - 902 
Vlie 
059 
‘ (h) 1191 915 
Br 
(i) 1689 1191 913 
I 
(j) ) 1689 1203 938? 
No, 
(k) Cl 
Br 1681 1199 898 
(m) I 1204 898 
(n) NO, ¢ 1683 1197 907 
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Table l icont.) 


‘ it C—S 
ompount stretch stretch 
stretch (em?) (em?) 
1 


Others 


(cm 


1699 


1690 


1675 
1690 


in-plane H-defor- 
-stretch H-defor- mation 
mation overtone 
C—S—R (R = butyl, 2835 1345 2680 
hexyl benzyl) 


1693 2825 2660 


phenyl and 
simple substituted phenyl) 


(R 
butyl, hexyl, benzyl) 


1690 


1050" 


NO. | 
cl Cl 
0 
(—S—¢ 
Pp) ? 
oO 
C—S—@ 1682 820° 
i¢ 
V 
oO 15 
C—_S—¢ 1193 913 
(r) 1211 
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Table 1 (cont.) 


C—S 

stretch stretch 
stretch (em?) (em~) 
(em!) 


Compound type Others 


1710 ~1010" 


S—H out-of- S—H 
defor- plane de- stretch 
mation formation 


S28 615 2565 


1700 


1739 
1700 
1680 


(R—CO—O—R’) have their carbonyl stretching frequency at ~1735 + 5 em— 


[8, 9]. Before the frequencies of other thiol carbonyls are discussed, we shall 


attempt to account for this difference between ordinary esters and thiol esters, and 
then to base discussions on other thiol carbonyls upon these principles. 

That the difference in C=O stretching frequency between R—CO—O—R’ 
and R—CO—S—R’ results from the mass difference between O and S seems most 
unlikely. HALrorp [10] has shown that if the atoms attached to the C—O group 
have masses 12 (i.e. carbon or heavier) the mass sizes have effectively no 
influence on the C—O stretching frequency. The near identity of the C—O 
frequency in —CO—I and —CO—C|! (mass of Cl and I quite different) and the 
great difference of the C—O frequency in —CO—S— and —CO—C|I (masses of Cl 
and § very similar) show that the effects of mass must be small or negligible, or are 

S| H. W. THoompsown and F. Torkineton, J. Chem. Soc. 640 (1945). 


E. J. Hartrwecr, R. FE. Ricwarps and H. W. THompson, J. Chem. Soc. 1436 (1948). 
10) J. O. Hatrorp, J. Chem. Phys. 24, 830 (1956). 
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quite coincidentally cancelled by other factors. Nor is it reasonable that this C—O 
frequency difference be largely dependent upon differences in C—O and C—S bond 
length, for here again the covalent bond radii of S and Cl are nearly identical 
(1-04 A and 1-00 A, respectively [11]) and obviously not related to their effects 
upon the stretching frequency of a carbonyl group to which each is attached. 

The difference, then, between the C—O frequency in —CO—O— and —CO—S 
must result principally from the change in the C--O force constant, which results 
from replacing O by 8S. We shall now consider what factors might account for this 
force constant change. 

SARNES [6] has suggested that of the two resonance forms 


) 


form (11) is relatively more important in thiol esters than is form (IV) of the two 
resonance forms 


) 


in ordinary esters. (The present writers prefer to describe this hypothesis in terms 
more commensurate with modern electronic theory there appears to be a greater 
tendency toward overlap of the carbonyl carbon atom z-electron with a non- 
ling electron pair of the sulfur atom (schematic lly form (I1) above) than with 
nding electron pair of an oxygen atom, form (IV). Increased importance 

Il) in plies decreased importance of structure (1) (i.e. there is a 


n between the non-bonding electron pair of sulfur and the carbonyl 


en 7-electron for overlap with the carbony! carbon 7 electron), presumably 


to a smaller carbonyl force constant. Certainly this is a reasonable 

ition. but it mav not be the entire one 
It is well known that ordinary saturated aliphatic esters (R—CO—O—R’) 
have higher carbonyl! absorption frequencies than saturated aliphatic ketones 
Presumably the carbonyl carbon atom -z-electron shows little 
tendency toward finite overlap with any electrons of neighboring tetrahedral 


carbon atoms, but does have a finite overlap with the non-bonding electron pair 


in oxygen (i.e. if R is saturated, the structure represented classically as R’—C-—-R* 


is of little or no importance, compared to the relative importance of the classically 


11) M. Hr wa, J. Am. Chem. Soc. 76, 4126 (1953 
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represented structure R—C—O*+—R’ in esters). Hence, if this “resonance effect”’ 
were the only one affecting carbonyl force constants, we should observe ketone 


carbonyl absorptions to be at higher frequency than ester carbony! absorptions, 


which, of course, is not the case. The overcompensating effect is the inductive 
(or “‘electronegativity’’) effect. In terms of modern electronic theory this effect is 


the propensity of the o-bond between the O and C atoms (of the —C—O— bond) 
to be polarized toward the O atom, with the result that the other bonds of the 
carbonyl carbon atom have a tendency to be polarized more toward that atom; 
presumably this results in a stronger carbonyl (C—O) bond, and hence an increased 
force constant for the C=O stretching vibration. It is this inductive effect, 
applicable to o-bonds (with only a second-order effect on z-electrons, if any) which 
can be correctly correlated with Pauling electronegativity. Therefore, as the 
Pauling electronegativity of O is higher than that of S(O = 3-50,S = 2-60)[12, 1: 
we expect that this inductive effect of oxygen which increases the carbonyl force 
constant in ordinary esters will be greater than a similar inductive effect of sulfur 
in thiol esters. 

That the difference between ordinary and thiol ester C—O frequencies can 
result only from electronegativity difference of O and 8, however, does not seem 
reasonable. If we again resort to comparison with the group —CO—Cl, we find 
the electronegativities for the atoms in question are S 2.60. C] 3°15. 3-50 
[12, 13], while the frequencies of carbonyl groups with these atoms attached are 
in the regions S 1695 em~!, Cl 1800 em=!, O 1735 em, which is scarcely a 
correlation. It is therefore the opinion of the writers that both resonance and 
inductive effects are important. To complete our comparison of esters, thiol esters, 
and acyl chlorides, it must be remarked that the inductive effect of the chlorine 
atom, which tends to increase the force constant of the carbonyl! group, must be 

() 


far more important than the resonance effect (classically —C—ClI*), which tends to 
lower the force constant of the carbonyl group (arguments similar to these for 
carbonylabsorptionsin general have been summarized by BeLLamy ([5], Chapter 23) 
Other resonance effects upon the carbonyl group. The carbonyl absorptions of 

0 


alkyl benzoates (6—C—O—-R, 1725 em) are at a lower frequency by about 
10 em~! than aliphatic esters. Similarly, the carbonyl absorptions of alkyl thiol 


benzoates (6—C—S , ~ 1665 cm~') are also lower in frequency by about 25 
than thiol esters of the form R—C—S—R’ (see Table 1. series 3). This shift to 


Pauuine, The Nature of the Chemical Bond p. 60. Cornell University Press (1945) 
Hveorns, J. Am. Chem. Soc. 75, 4123 (1953) 
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lower frequency observed for thiol benzoates presumably is the result of resonance 


of the phenyl ring with the carbonyl group (represented classically as 
0) 


), just as is the case with ordinary ester frequencies [5]. 


The increased carbonyl frequency of phenyl esters (R—CO—O—¢, ~1750 em-~') 


over that of aliphatic esters (R—C—O—R’, ~1735 em ') is probably the result 


of two factors: (a) increased inductive effect of the 6—O— group compared to that 


of the R—O— group; and/or (b) the fact that the non-bonding electron pairs of 


the phenoxy oxygen in 6—O— are less likely to overlap with the carbonyl carbon 


7-electron, as a result of their overlap with a phenyl z-electron, than are the non- 


bonding oxygen electron pairs in R—O— [14]; i.e. resonance form(IV) (above) is 
less likely in R—CO—O—4¢ than in R—CO—O—R’. An analogous situation 
appears to exist in thiol esters, the carbonyl frequencies of esters of the type 


R—CO—S—¢ being ~1710 em! (see Table 1. series 2). while esters of the type 
R—CO—S R’ have their carbony! frequencies at ~1690 cm~', as noted above. 
It seems reasonable to suppose that the explanation is similar: (a) é—S— has a 
highet inductive effect than R Ss _ and/or (b) resonance form (Il) (above) is less 
likely in R—CO—S—¢ than in R—CO—S—R 

Clearly, the carbonyl frequency of thiol esters of the type é—CO—_S—d. 


~ 1685 em~! (see Table 1, series 4) is the result of both effects just discussed acting 


: together, just as ordinary esters of the form 46—CO—O~— 4 have their carbonyl 
frequencies at ~1735 
SCHUBERT and Sweeney [15] have shown that the presence of bulky substi- 
tuents in the 2- and 6-positions of phenyl carbony! compounds raises these carbonyl 


stretching frequencies. Presum iblv this occurs because the carbony! group is no 
longet copl inar with the pheny! ring. thus leading to decreased resonance between 
the phenyl ring and carbonyl! group. An analogous effect is observed in both 


alkyl thiol 2-substituted benzoates | C—S—R), whose C--O frequency is 


X 
~1675 em~! (~1665 cm~! without X-substituent), and pheny! thiol 2-substituted 
() 


benzoates ( C—— ). whose frequency is ~1695 (~1685 


X 


without X-substituent), when the group X is large enough to prevent 


coplanarity of the carbonyl group with the phenyl ring. The R—S— or 6—S 


group is large with respect to the carbonyl! group, so that probably only the 


14) L. J. Betcamy, J. Chem. Soc. 4221 (1955 
15| W. M. Scnvupert and W. A. Sweeney, J. Am. Chem. Soc. 97, 4172 (1955) 
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rotation isomer in which the carbonyl oxygen is closest to the X-group 
0 
( C ) is possible, the other form ( Cc ) being too strained 
0 
X X 
to exist. This is evidenced by the existence of only one C—O absorption in the 
spectrum. In the case of alkyl or aryl thiol 2-fluorobenzoates, however, apparently 
the fluorine atom is not large enough either to prevent rotational isomerism or to 
inhibit resonance. Experimentally, three bands are observed in the carbonyl 
region for alkyl thiol 2-fluorobenzoates (1648 em“, 1675 em“, and 1701 em“ 
(weak)| and for pheny! thiol 2-fluorobenzoates [1667 em~!, 1690 em~! and 1713 em : 
(weak)]. Presumably the two lower frequency absorptions are the C—O frequencies 
of the rotational isomers: 


Ss 2 (or d) 0 


S—R (or 4). 
F 
The third absorption is weak and may be the result of an overtone or combination 
frequency in Fermi resonance with the carbonyl stretching vibration. Analogous 
absorptions are noted for the compounds 


O 


S—R (or d), 


CH, 
for which two rotation isomers appear to exist (see nos. 3(¢) and 4(g), Table 1). 
Substituents at positions other than 2 and 6 of thiol benzoate esters have an 
effect on the carbonyl frequency, but these effects are presumably the result of 
inductive and resonance effects through the benzoate ring (see Table 1, series 
3 and 4). 
The effect of intramolecular hydrogen bonds. As is well known, molecules with 


the structure Cc’ have their C—O stretching frequency ~50 cm~™ lower 
0) 
O—-H 


than in analogous compounds without the ortho-hydroxy group. This drop in 


frequency results from the intramolecular hydrogen bond between the adjacent 
OH and C—O groups. A similar but not so marked result is noted in phenyl-2- 
S—¢ 


hydroxy thiol benzoates, Cc _ the carbonyl frequency being ~1640 


+ and C 
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em~!, while in phenyl thiol benzoates the carbonyl frequency is ~1685 em. 

The effect of polar substituents at the a-carbon atom and rotational isomerism. 
The effects of polar substituents (such as halogen atoms) at the a-carbon atom 
upon the C--O stretching frequency in thiol esters appear to be somewhat complex. 
HavuprscHern et al. [2, 3] have suggested that the relatively small shift of the 
carbonyl stretching absorption to higher frequency in thiol esters upon «-halogen 
substitution, compared to the high frequency shifts encountered in ordinary esters 


upon similar substitution, results from the greater polarizability of the ‘'_S— 


bond, compared to the —-C—-O— bond. The present writers, however, suggest that 
the lrequency variations of the carbony! stretching vibration result from the 
simultaneous action of: (1) The inductive effect of the highly electronegative 
halogen atom. (2) Dipolar interactions (a) between the halogen atom and carbonyl! 
oxygen atom, and (b) between the halogen atom and sulfur atom (these being 
usually referred to as “field effect’, after BeLLamy and [16]. (3) The 
identity of the particular rotation isomer of the molecule, where more than one 
such isomer is possible. 

Consider the series of molecules numbered 2(a), (d)-(f) in Table 1. As the first 
chlorine is added in the «-position, two carbonyl absorptions are observed, one of 
lower frequency (1691 ecm~') than the unsubstituted thiol acetate (1711 em-~'), 
the other of higher frequency (1725 em~'), the latter absorption being only about 
one-fifth as intense as the lower frequency absorption. Presumably these two 
absorptions are the result of two rotation isomers. As BELLAMY and WILLIAMS [16] 
have argued, the rotation isomer which puts the halogen and carbonyl oxygen 
atom in the closest proximity should show a frequency increase in the carbonyl 
vibration (over that of the unhalogenated analog), resulting from both inductive 
effect (which is independent of orientation) and dipolar interaction between the 
halogen and carbonyl oxygen. However, in certain carbonyl compounds, another 
rotation isomer is possible in which the «-halogen atom is in close proximity to a 


polar atom connected to the other valence bond of the carbonyl atom (notably 


x-halo-amides, as shown by Letaw and Gropp [17]). It is quite possible that the 
inductive effect of the halogen atom (independent of orientation) is compensated 
or even over compensated by a dipolar interaction between the «-halogen atom 
and this other polar atom, this latter effect being of such nature as to lead to a 
frequency decrease of the carbonyl vibration. Without attempting to specify 
the exact geometry of these rotation isomers, the present writers suggest that the 
higher frequency carbonyl absorption of the less abundant rotation isomer in 
z-chloro thiol acetates owes its frequency increase to simultaneous inductive and 
dipolar effects; the lower frequency absorption, of the more abundant rotation 
isomer, represents a peculiarly extreme example of dipolar interaction between 
chlorine and sulfur atoms, remarkable in that this “negative” dipolar interaction 
effect appears to completely dominate the inductive effect of the halogen. 

When the second chlorine atom is substituted, the carbonyl frequencies are 


16) L. J. Bettamy and R. L. Wriiiams, J. Chem. Soc. 4294 (1957) 
17) H. Letaw and A. H. Gropp, J. Chem. Phys. 21, 1621 (1953) 
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found to be 1700 em~! and 1736 em~!. Both frequencies have increased ~10 em~!, 
presumably the result of the increased inductive effect of the second chlorine atom. 
Finally, phenyl thiol trichloroacetate has but one strong carbony! absorption at 
1711 em™, presumably the result of a chlorine in close proximity to the sulfur atom, 
which effect is just cancelled by the inductive power of the three chlorine atoms.* 

A similar series, the alkyl «-chlorinated thiol acetates, is also shown in Table 1, 
nos. I(a), (d)-(f). Clearly, the behavior is analogous. 

The carbonyl frequencies of «-fluoro thiol esters can also be explained with 
these arguments, remembering that F causes somewhat more powerful inductive 
effects than Cl, and is smaller. Hauprscnern et al. [2, 3] give 1680 em= (pure 
liquid) as the C—O stretch frequency for esters of the form —CF,—CO—S—R 
(for R—CO—S—R’, C—O stretch is ~1692 em~. CC] , solution). Example no. 1(h) 


O 


in Table 1 shows CF,—C—S—R has a carbonyl! frequency of 1710 em~. In the 
latter compound the inductive effect of three fluorine atoms thus has more than 
compensated for the dipolar interaction between the F and S atoms. 


Other vibrations characteristic of thiol esters 


Two other absorption frequencies which appear to be characteristic of the 
O 


C—C—S— group have been noted, one in the region ~880—1030 em~', the other 
in the region 1100-1200 em~!. The exact nature of their vibrational motions is not 
so clear as is that of the C—O stretch vibration, and hence a few remarks about the 
vibrations possible for the thiol ester group seem in order. 


O 


The skeletal group «) must have six vibrational modes. One will be 


Cas 


an out-of-plane deformation, approximately described as ; indicates 


motion toward reader, motion away from reader). The five in-plane 
modes will consist of suitable combinations of C—O stretch, C—C stretch. 
C—S stretch, deformation of angle «, and deformation of angle f, the exact 
prescriptions for the combinations being given by the normal coordinates. Without 
making a normal coordinate analysis, we may perhaps give approximate descrip- 
tions of these vibrations. 

The thiol ester vibration at ~1680 cm~ is certainly a mode which is essentially 
carbonyl stretching, and has been discussed above. The two in-plane deformation 
motions would be expected to have very low force constants (compared to stretch 
force constants), and hence the normal modes which consist mostly of these motions 

* The present writers have purposely avoided an attempt at exact specification of the geometry of 


these rotation isomers until such a time as this entire subject is better understood. Studies in this 
direction are in progress, and will be reported elsewhere. 
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would be expected at lower frequencies (probably below 600 em~!, which region has 
not been investigated in this work). The out-of-plane vibration is probably also of 


relatively lower frequency; in phosgene, C it has been assigned to the 


Cl Cl, 
absorption at 585 em~ by CaTaLano and Prrzer [18], and it seems unreasonable 


to suppose that such an out-of-plane deformation frequency might be very much 
0) 


greater or smaller forthe C group. 


The modes of interest, then, probably consist mostly of suitable combinations 


Ss 


of C—C stretch and C—S stretch which we cannot specify without knowing the 


norma! coordinates. We shall, however, regard the strong absorption at ~1100 


1200 em”! as probably being mostly —-C—-C— stretch because of its clear analogy, 


particularly in the case of aromatic carbonyl compounds, to similar strong absorp- 


tions in this region of the spectrum exhibited by ordinary esters, acids, ketones and 


other carbonyl! functions. And we shall consider the vibration at ~880—1030 em~™ 


as probably being mostly —-C—-S— stretch, because of its presence in all the 
various types of thiol esters, and absence in ordinary esters. We need not be 


concerned that we have confused this latter absorption with other skeletal modes 


in the molecule. for it has been observed in a large number of molecules. both 


aliphatic and aromatic, with varying structure and substitution, and is seen to 


persist. Thus, although this absorption has a spread of some 150 em (low 


frequency for thiol aromatic esters, higher frequency for thiol aliphatic esters) 


it is not an aliphatic skeletal mode (such as methyl rock, for it is observed in thiol 


esters where no CH, group is present) nor is it a phenyl ring frequency (for it is 


observed in many different thiol esters with variously substituted pheny! ring). 


The stretching” vibration. All thiol benzoate esters ( 


have an intense absorption in the region 1185-1210 em~!, which probably is 


mostly the C—-C— stretch motion. All ordinary esters of aromatic acids have 


an exactly analogous absorption at somewhat higher frequency: ~1260—-1290 em~!. 
The frequencies of this absorption for the various thiol esters are listed in column 
4 of Table 1. 


The fact that the frequency of this ‘“—-C—-C— stretching” vibration is lower in 


I8| E. CatvaLano and K. 8. Prrzer, J. Am. Chem. Soc. 1054 (1957) 
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thiol aromatic esters than the analogous frequency in ordinary aromatic esters 
probably results at least partly from the relatively greater importance of resonance 
form (II) in thiol esters than resonance form (IV) in ordinary esters (see above). 
Resonance form (II) implies overlap of the carbonyl carbon z-electron with the 
non-bonding electron pairs of sulfur, which takes place not only at the expense 
of 7m overlap in the carbonyl bond (as described above) but also at the expense of 
am overlap between the carbonyl carbon z-electron and the z-electron of carbon 
atom | in the phenyl! ring; thus, as in thiol esters there is effectively a slightly 


lower bond order between the carbon atoms of the C—C— bond, its force 
constant and stretching frequency are reduced. An alternate explanation of the 


lower ““—-C—C— stretching” frequency in thiol aromatic esters might be that the 
thiol sulfur atom is so much heavier than the corresponding oxygen atom in 
ordinary esters that the normal vibrations of each are not very similar, and hence 
not directly comparable. The authors think that both these explanations are 
probably necessary. 


As can be seen from column 4 of Table 1, the ““—-C--C— stretching” frequency 
varies slightly with position and nature of the substituents on the benzoate ring, 
but no attempt has been made to correlate the exact frequencies with any properties 
of these substituents. If the benzoate ring is identically substituted, an alkylthiol- 
benzoate is usually found to be ~3—5 cem~ higher in frequency than a corresponding 
phenylthiolbenzoate. This small frequency shift is probably the result of a small 


amount of '—S—— stretch being mixed with this ““——C ‘— stretching’ mode, 


for the “—C—S— stretch” frequency difference between alkyl and arylthiol- 
benzoates is much more pronounced, as is discussed below. 


An analogous ““—-C-——-C— stretching” absorption is noted for some of the thiol- 


alkylesters, R—C—S—, in the region 1050-1150 em~', but is much less constant 
in frequency. However, the analogous absorption found in the region 1150-1250 
em~! for ordinary aliphatic esters also is extremely variable in frequency and 
intensity with changes of structure at the z-carbon atom [19]. The explanation 
for the uncorrelatable behavior of this frequency, both in thiol and ordinary esters, 
is probably the same: the ‘‘“—-C—C— stretch” probably has strong interactions 
with other modes, such as bending motions of the «-hydrogens, and hence is very 


sensitive to structural changes at the «-carbon atom. 


The ‘‘—C—S— stretching” vibration. All thiol esters appear to have a fairly 


intense to very intense absorption in the region 880-1030 cem~!. As discussed above, 


[19] R. G. Fowrer and R. M. Sarru, J. Opt. Soc. Am. 43, 1054 (1953). 
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this band is assigned to a mode which is probably mostly —-C—S— stretching. 
The frequencies of these absorptions are listed in column 5 of Table 1. 
Comparison of esters of the type R—CO—S—R’ (series 1) with esters of the 
type 6—CO—S—R (series 3), and esters of the type R—CO—S—¢ (series 2) with 
esters of the type ¢—CO—S—4¢ (series 4), always shows, in analogous cases, the 
thiol benzoate ester to have an absorption ~30—40 cm~! lower in frequency than 
the thiol alkyl ester. The explanation for this probably again lies in a consideration 
of the competition between the sulfur non-bonding electron pair, and the z-electron 
of the l-carbon of the benzoate ring, for overlap with the carbonyl carbon z- 
electron: z-electron overlap between carbonyl and phenyl takes place at the 


expense of electron overlap between carbonyl and sulfur, thereby leading to 


reduced force constant and stretch frequency of the —C—S bond. 
() 


If esters of the type R—C—S—R (series 1) are compared with esters of the 


tvpe R—C—S—4 (series 2). and esters of the tvpe 6—CO—S—R (series 3) are 
YI 


compared with esters of the type ¢—CO—S—¢ (series 4), it is seen that an aryl- 


thiolester always has the ““—-C—-S— stretching” frequency ~10-20 cm™! lower 
than the corresponding alkylthiolester. This can probably best be explained by 
competition between the z-electron of the phenyl ring with the z-electron of the 
carbonyl carbon atom for overlap with the non-bonding electron pairs of sulfur: 
such electron overlap between phenyl and sulfur takes place at the expense of 
overlap between carbonyl carbon and sulfur, thereby leading to reduced force 


constant and stretch frequency of the —C-—S— bond. 


A marked rise in the ““—-C—S— stretch” frequency of thiolacetates is noted as 
chlorine atoms are substituted for the «-hydrogens on the acetate group (see nos. 
l(a), (d)-(f); 2(a), (d)-(f), Table 1). Compounds of the form CCI,C—-O—S—R have 
an absorption at ~1030 cm~!, while thiol esters of the form CCl,—-CO—S—¢ have 
an analogous absorption at ~1015 em~'. (No strong absorption is present in the 
usual 880-950 em~'! region.) However, compounds of the form CF,—CO—S—R 


show no great rise in the ““—C—S— stretch” absorption, which is observed at 
~955 em~!. A possible explanation for this is a direct steric interaction between 
the x-chlorine atom and sulfur atom (see discussion above on carbonyl frequencies) 
while the fluorine atom is too small to interact in this way. 


Other thiol carbonyl compounds 
Having given a reasonable explanation of some of the characteristic frequencies 


of the group —C-—-CO—S— in thiolesters, we can now discuss other variations of 
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SH), their metal 
salts and anhydrides. It will be seen that an explanation of their frequencies is 


this group, including dibasic thiolesters, thiolacids (R—CO 


easily found by bearing in mind the factors which influence the frequencies of the 
thiol esters, and by comparison to their oxygen analogs. 


Thiol formates 

Just as the carbonyl frequency of ordinary formate esters is ~10-15 em 
lower than that of other aliphatic esters, so is the carbonyl frequency of thiol 
formate esters somewhat lower than that of thiol aliphatic esters. Table 1 shows 
alkyl thiol formates (H—CO—S—R) have their carbony! absorption at ~1675em™, 
while aryl thiol formates (H—CO—S—¢) are found to absorb at ~1695 em 
(compare to 1695 em~! for R—CO—S—R, 1710 em~ for R—CO—S—4). The 
explanation for this lower carbonyl frequency is probably the same as for ordinary 


formate esters: motions of the formyl hydrogen may be coupled to carbony! 
carbon motion during the C=O stretch vibration. 

The formyl! hydrogen in thiol formates exhibits a unique stretch frequency, as 
do other formyl! hydrogens. Esters of the type H—CO—S—R have this absorption 
1 


at ~2835 em~!, while the aryl thiol formates absorb at ~2825 cm Again, as 


with other formyl compounds (particularly aldehydes), a second absorption occurs 


in this region, but of only about one-tenth the intensity of the H—C— stretch, 
being observed at 2680 em~ and 2660 em! for alkyl and aryl thiol esters, 
respectively. This latter absorption is probably the first overtone of the formyl! 
C—H in-plane deformation, found at ~1345 em~! and 1340 cm~ for alkyl and 
aryl thio formates, respectively. (A similar explanation for similar behavior of 
formyl! hydrogen in aldehydes has been given by [20].) 

Another absorption which appears to be characteristic of thiol formate esters 
has been noted at ~755 for alkyl thiol formates, and at ~730 cm ~! for ary! thiol 
formates. The assignment of this absorption is not certain, but the present writers 


offer the opinion that it is probably mostly a —C—S— stretching motion, differing 
in frequency from the usual region of ~900 em~! (see above) because the very 
light mass of the hydrogen atom probably changes the form of the normal 
vibrations. 

All frequencies just discussed for thiol formate esters are listed in Table I, 


nos. 5 and 6. 


Thiol ester derivatives of dibasic acids 
Dithiol oxalates. Dithiol oxalates may exist in two geometric forms: 


—S 


trans 


(20) S. Prvcnas, Anal. Chem. 27, 2 (1955) 
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The cis form (symmetry C,,) would be expected to have two carbonyl stretching 
absorptions (4, and B,), while the trans form (symmetry C,,) should have but one 
observed infrared absorption in the carbonyl region (B,), the other vibration (A,) 
being forbidden. Table 1, nos. 7 and 8, lists the observed frequencies for several 
dithiol oxalate esters, and it is noted that only one carbonyl! absorption is observed. 
Hence, the trans form seems the most likely geometry. 

Dialkyl thiol oxalates have a carbonyl stretch absorption at ~1680 em~', 
diary! thiol oxalates at ~1698 cm~'. Here the lower frequency (compared to 


analogous alkyl and ary! thiol alkyl esters) may result from the resonance between 
the carbonyl! groups and/or the fact that the B, carbonyl stretch mode will have a 
somewhat different form for the normal vibration than the carbonyl stretch mode 
in a simple monobasic thiol ester. 
An absorption in the region ~790 em~! appears to be characteristic of dialkyl 
thiol oxalates; diary! thiol oxalates have an analogous absorption at ~770 em~'!. 
The assignment is not certain, but the writers suggest that this vibration is mostly 
stretch, differing from the usual region of ~990 perhaps again 
5: because of resonance between the carbony! groups, and/or the fact that the normal 
mode of this vibration (B,) is not comparable to that of the ““—-C—-S— stretching” 
vibration in monobasic thiol esters 
Thiol esters of other aliphatic dibasic acids. Table 1, nos. 9-12 show comparable 
: frequencies for esters of the form —S—OC—(CH,),—CO—S—. As n is increased, 
” it is seen that these esters have spectra which become increasingly similar to the 
7" thiol esters of monobasic aliphatic carboxylic acids. For lower values of n, the 


characteristic frequencies vary somewhat, probably because of the different degree 


of interactions between the two CO—S groups. 


Thiol acids 


The fundamentals of thiol acetic acid, CH,—CO—S—H, have been assigned 


a? by SHerrarp [21], and by Mecke and Spresecke [22]. They have suggested 
3 1130 em~! as in-plane CH, rock, 1055 em”! as out-of-plane CH, rock, 990 em~! as 
C—C stretch, 832 as in-plane S—H deformation, and 626 as C—S 
y a stretch (values obtained in vapor phase). In comparing the spectrum of thiol 
acetic acid to the spectra of several thiol acetates, both alkyl and phenyl, however, 

certain questions about these assignments are raised. 
There seems but little doubt that the absorption at 832 em~' is correctly 
\ assigned as S—H in-plane deformation, for this absorption is absent in thiol esters. 
ieee As noted above, all the thiol acetates, propionates and butyrates [see Table 1, 
ory nos. I(a)-(c), 2(a)-(c)| have a strong absorption in the range 925-975 em~'! which 


appears to be analogous to the 993 em”! absorption (988 em~' in CS, solution) in 


thiol acetic acid. This we have assigned as a mode which is principally —-C—S— 


121) N. Swerrarp. Trans. Faraday Soc. 45, 693 (1949) 
(22) R. Mecxe and H. Seresecke, Chem. Ber. 89, 1110 (1956). 
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stretch, but which Mecke and Spresecke [22] and SHerrarp [21] have suggested 


is ('—C— stretch in thiol acetic acid. Our reasons for believing this is most 


likely —C—S— stretch are: (1) An absorption which is clearly analogous is found 
in all thiol benzoates (see Table 1, series 2 and 3), essentially regardless of substi- 
tuents on the phenyl ring, in the region 890 ~ 920 em~!; thiol benzoic acid has a 


similar absorption at 949 em~!. It is not reasonable to assign this mode to C—C 
stretch, for resonance between carbonyl and phenyl ring would certainly put this 
vibration at higher frequency. (2) It is commonly agreed that C—S stretch in 


sulfides and mereaptans should be in the region of ~700 em~' [5]: certainly, then, 


the —C—S— frequency belongs at higher frequencies, because of resonance form 
(Il) (above), not at the lower frequency of 626 cm! as suggested [12]. Thus, we 
must conclude that the 988 cm~! absorption in thiol acetic acid is mostly a 


(—S— stretch mode. 
Other difficulties now arise. If the C—C absorption is not 988 cm~', we must 
assign it elsewhere. The present writers prefer to assign the 1130 em! (vapor; 1122 


em~! in CS, solution) absorption in thiol acetic acid as a mode which is mostly 


(—C stretch, for an absorption analogous to it is noted in all thiol acetates, chloro- 
acetates, propionates and butyrates. This leaves the CH, rock modes unassigned, 
which we shall not attempt to settle here. Also, the absorption at 626 em~! (vapor; 


615 em~' in CS, solution) assigned as —C—S stretch in thiol acetic acid we prefer 
to assign to out-of-plane skeletal deformation, because of analogy to the skeletal 
out-of-plane deformation in phosgene, at 585 [18]. 

SHEPPARD [21] has pointed out the close analogy between the fundamentals of 
thiol acetic acid and those of acetyl! chloride. If we insist that the absorption 
at ~950 em~' in thiol acids and esters is the result of a vibration which is largely 


('—S— stretch. then we are forced to say that the analogous absorption in acy! 
chlorides at ~950 em-! (~875 em~! in benzoyl chloride and similar aromatic 


compounds) is the result of a vibration which is largely —-C—Cl stretch. However 
unpalatable this assignment seems, the present writers believe it is more nearly 
correct than present assignments, and plan to discuss it in another publication. 

The only thiol acids prepared in this study were thiol acetic acid, whose 
spectrum has appeared in the literature [21], and thiol benzoic acid, whose spectrum 
appears in Fig. 2. For thiol benzoic acid, we suggest that the absorption at 835em"! 


is the S—H bend (analogous to thiol acetic acid; absent in thiol benzoate esters), 


and the absorption at 950 cm~' is the result of a vibration which is largely —C—S 
stretch, as mentioned above. The absorption at 2585 cm~! is clearly S—H stretch, 
the absorption at 1690 em is obviously C—O stretch, these absorptions being 
comparable to similar absorptions in thiol acetic acid, already discussed. All the 


533 


15 


i 


Porrs 


= 
< 


> 


| 
= 
5 
° ° ° - es ses - 
534 


& 


} 
; 


--+— 


| 


= 
= 
~ 
= 
s 
= 
= 
= 
~ 


° - 
| 
| 
- 
| 
535 


R. A. Nyquist and W. J. Ports 


other absorptions are almost exactly identical to those in benzoyl! chloride, whose 
spectrum is also shown for comparison in Fig. 2. 


Metal salt of a thiol acid 
Fig. 3 shows a spectrum of potassium thiol benzoate, 6—CO—S~K*, obtained 
as a nujol mull; and above it a spectrum of potassium benzoate for comparison. 


The carbony! stretch absorption at 1523 cm~ is analogous to that of the asymmetric 
carbonyl stretch absorption of ionized carboxyl group of ordinary benzoates at 
1550 em~', and indicates the structure is probably 


QO 


analogous to ionized benzoate, 


It is seen, however, that the absorption at ~1400 cm~! in potassium benzoate, 


presumably symmetric C- — stretch [23], is missing in thiol benzoate, as, of course, 


O 
it should be. No attempt has been made to assign the other absorptions at this 
time. 


Thiol acid “‘anhydrides” (diacy] sulfides) 


Fig. 4 compares the spectra of benzoic acid anhydride and dibenzoy! sulfide. 
The spectra are clearly analogous, except for: 
(1) The intense absorptions near 1000 em~! in benzoic anhydride (presumably 


C—O—C— stretch vibrations [24]) are absent in dibenzoy! sulfide, while instead 
a new absorption is exhibited by the latter at 860 cm~'. This latter absorption, 
by analogy with the esters and thiol benzoic acid, we suggest again arises from a 


vibration which is largely —C—-S— stretch. 

(2) The two carbonyl absorptions in benzoic anhydride at 1727 em~' and 1789 
em~', characteristic of open chain aryl anhydrides now are replaced by three 
absorptions in dibenzoy! sulfide at 1680 em~!, 1709 and 1739 em-'. We 
suggest that the 1680 em~' and 1739 em”! absorptions are analogous to the 1727 
23 IT Epsat, J Chem. Phys. §, 508 (1937) 

24) N. B. Cournvp, J. Opt. Soc. Am. 40, 397 (1950 
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em~'and 1789 cm~ absorptions of benzoic anhydride, each absorption being shifted 
to lower frequency by about 45 cm~', about the amount expected by replacing O 
by S (see discussion above for thiol ester carbonyls). The third absorption at 
1709 em~' is probably the first overtone of the 860 cm~! fundamental, in Fermi 
resonance with the carbonyl vibrations. That one of these three absorptions is not 
a carbonyl! absorption of thiol benzoic acid impurity is shown by absence of strong 
fundamentals of thiol benzoic acid in this spectrum (compare to Fig. 2). 
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RESEARCH NOTES 


The emission and absorption spectra of uranium excited 
in a King furnace 


(Received 22 April 1959) 


Abstract—The data obtained from a study of the spectra have been surveyed both to improve 
the term classification of uranium and examine the spectroscopic behaviour of an actinide 
element in a furnace. The relevance of the results to previous work is discussed. 


1. Introduction 


THE purpose of this note is to summarize the main conclusions of a United Kingdom Atomic 
Energy Authority (Research Group) Report AERE C/R 2766 under the same title. This 
contains a wavelength list of some 3500 furnace emission and 2300 absorption lines previously 
measured in other spectroscopic sources, 328 emission and 307 absorption lines not previously 
reported and a table giving the distribution of furnace lines among the low lying levels. A 
discussion of the results is also given. 

It was not considered justifiable to give the full listing in published literature since the 
wavelengths in themselves are only of limited value to workers in other fields and are not 
of greater accuracy than those already available. 


2. Reason for work 


During the study of plutonium, it was decided to examine the spectrum of uranium so 
that the behaviour of a second actinide element in a furnace could be known. Experimenta! 
conditions are discussed in previous publications [1, 2]. 

The former publication [1] showed in one of the figures a reproduction of the 
are and emission spectra of uranium. The data from the plates have been rather slowly 
treated because of other work. In the meantime, a paper on the same subject has appeared 
[3] which discusses work carried out in 1948, when 167 emission and 47 absorption lines 
were observed; corresponding numbers found in the present work were 3554 and 2319, 
respectively. 

From this present intensive study of the uranium spectra, it was hoped to gain some 
knowledge of the behaviour of an element of similar atomic weight and ionization potential 
to those of plutonium. In particular, the degree of emphasis of are spectra relative to 
spark was required; another effect looked for was the possibility of development of lines 


. Bovey, J. Sci. Instr. 32, 376 (1955). 
.. Bovey, Spectrochim. Acta 10, 383 (1958). 
. P. Penxrn and 8. E. Frisu, Optika i Spektroskopiya 3, 473 (1957). 
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in the furnace, less evident in are sources, which may have led to a series of spectroscopic 
levels and thus to an accurate value of the ionization potential. When examination of the 
data showed some 200 strong furnace lines not assigned to the term scheme, these lines 
were examined in an attempt to extend the term scheme. Work on this aspect is still 
continuing. 


3. Experimental and comparison procedure 


The plates were measured relative to a superimposed iron are and because of the w idth 


of these iron lines and the relatively low despersion of the system (2-8 A/mm) accuracy of 
measurement cannot probably be better than 0-05 A. Since any new measurement of a 
rare earth or transuranic should aim at an accuracy better than 0-005 A it was decided to 


relate the wavelengths to a list already available. 

The wavelengths were compared with a list compiled by Dr. J. R. McNay of the Oak 
Ridge National Laboratory which is a summary of work done at the Massachusetts 
Institute of Technology (MIT) and the National Bureau of Standards (NBS). The list 
contains some 20,000 entries, but many of these are wavelengths of the same line taken by 
the two observers or are repeat readings. Although three decimal figures are quoted, the 
internal consistency of the readings would not appear to justify more than two decimal 
places. 

The cards* were first mechanically sorted so that any wavelength occurring within 

0-05 A of each other were collected together Occasionally lines of genuinely different 
wavelength might be grouped together by this procedure but in the present state of know- 
ledge of the uranium spectrum, this elimination would not be important. The list so 
produced was compared with the list of the furnace spectrum and wavelengths within the 
same limit 0-05 A selected. Thus the furnace spectra wavelengths were based on the 
sorted McNALLyY list. 

A comparison was also made with lines classified into levels by both Kigss and Launnx 
|4| of the neutral uranium spectrum and VAN DEN Boscu [5] of the spark spectrum. 

From this main list, a series of subsidiary groups were derived both by hand and 
mechanical means. A comparison of these two methods of summarizing data showed that 
where the machine had explicit instruction it gave greater reproduction accuracy. 


4. Main conclusions 


a) No furnace lines of outstanding intensity and not in the MCNALLy list were found. 
The spectrum of neutral uranium appears to be well developed in a conventional are source. 
It therefore appears unlikely that the suggestion of VAN DEN Boscu 5| that further U strong 
lines could be found from a ground state configuration f‘s* lower than the accepted ground 
state f2ds* (4) can be valid. Some 300 emission and absorption lines not in the previous 
list were found and given in a table. It would seem that the limit of lines is set by the 
dispersion of the instrument, and the patience of the observer. Some 25 lines were added to 
the present classification [4]. A few of the lines unassigned to U/ or UJ/J in a list of strong 
lines given by McNa.ty [6] can now be designated 

b) Lines occurring in the furnace spectrum and assigned to the U// spectrum generally 
had a low intensity. Checks on whether the several parts of a multiplet appeared showed 


* We are indebted to Dr. McNatriy (Oak Ridge National Laboratory) for saving us considerable 
time and expense by sending us the list data already punched on IBM cards 
4) C. C. Kress, C. J. Hompnreys and D. D. Launy, J. Research Nat. Bur. Standards 37, 57 (1946). 
5) J.C. va~w pew Boscu, Physica 15, 503 (1949) 
J. R. MeNatry, Chemistry of Uranium. (Edited by J. J. Katz and E. Rastyowrrcn) National 
Nuclear Energy Series Div. 8, Vol. 5, Chap. 2. McGraw-Hill, New York (1951) 
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that generally only the one line seemed to be present. It is suspected that many of the 
lines have been classified in the spark spectrum because of an accidental coincidence in wave- 
number, The presence of furnace lines in the list given by van DEN Boscu [5] of lines 
occurring as combinations between high spark levels can probably be explained on this 


basis. If plutonium behaves similarly in the furnace then it seems safe to assume that the 
majority of the lines of intensity greater than “medium” in the list [2] must belong to the 
neutral spectrum and arise from the lower levels. 

(c) An examination of the list of Perkin and Frisu [3] containing 167 emission and 
47 absorption lines showed that most of these were present among our larger list (3554 
emission, 2319 absorption). The majority of common lines had an intensity greater than 
4 on our seale. Most of the 36 lines given in the Russian work and not recorded by us are 
not noted by Kress and none has been classified by him in the UJ spectrum. Spark 
intensities for these lines (MIT data) are usually greater than those observed in the arc. 
No intensities are given in the work and it is therefore difficult to make a detailed compari- 
son. There are also a few minor misprints. All the classified strong lines from lower levels 
given in a table in the published work as not recorded are present in our list. In the Report 
C/R 2766, a table showing the distribution of lines among the low lying levels, and the 
relative figures obtained by Penkry and FRrisu is given. 

(d) The spectra were taken at two and occasionally three different temperatures and 
the data discussed in the report refer to the lowest (2400°C). No detailed investigation of 
the spectra obtained at higher temperatures has yet been made. In general there is an 
intensification of the emission spectra with no apparent relative intensity change lines. 
There do not seem to be the marked differences between lines in their intensity dependence 
on temperature which KinG reported for rare earth spectra (cf. [7]). This effect may be 
experimentally masked, however, by the decreased lifetime of tubes and charges at higher 
temperatures, and a more detailed examination of the plates taken together with a photo- 
electric investigation of possible intensity changes should possibly be made. 

(e) Although the work has helped elucidate several problems concerned with the term 
analysis of uranium, any future investigation of transuranic elements should be carried 
out with apparatus capable of giving at least an accuracy of 0-005 A. Not only must the 
spectrograph be of high resolving power but the lines used as standard wavelengths must 
be as narrow as those from the furnace and be distributed more evenly than those of iron. 
A suitable standard source would appear to be the thorium halide electrodeless discharge 
tube [8]. 
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7| A. S. Kove and E. Carrer, Astrophys. J. 55, 86 (1927). 
8} W. F. Meccers and R. W. Stanvey, J. Research Nat. Bur. Standards 61, 95 (1958). 
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Internuclear distances in keten from spectroscopic measurements 


(Received 15 April 105%) 


Bonp lengths in keten have previously been obtained [1,2] from microwave spectra of 


H,CCO, HDCCO and D,CCO containing the predominant carbon-12 and oxygen-16 isotopes, 
and infra-red measurements on H,CCO. Data then available were insufficient for the 
application of the best methods of calculation of structure. As part of a further microwave 
study, we have measured rotation spectra of H,'°CCO and H,CC'*O which allow an 
improved assessment of parameters. 


Spectra of these species were measured at natural isotopic concentrations in a conven- 
tional Stark-modulation spectrometer. For H,'°CCO the spectroscopic constant (B, + Cy) 
is 19,568-07 Me/s and ( B, — (4) is 353-73 Me/s; for H,CC'*O these constants are 19,182-46 
Me/s and 340-24 Me/s, respectively. 

From these results, and the earlier microwave data, we obtain the distance from the 
methylene carbon to the oxygen as 2-475° A by the method of isotopic displacements [3). 


This result is independent of assumptions of other parameters, and from a detailed dis- 
cussion of similar cases recently given by CosTarn [4] it appears probable that this distance 
is within some 0-002 A of the equilibrium value. We can now also for the first time locate 
the hydrogen atoms with respect to the CCO chain by the method of isotopic displacements, 
using only microwave data. This procedure is particularly to be preferred here, since no 
molecular model with the necessary (, symmetry can give agreement with all the observed 
moments of inertia, on account of the quantum defect in keten. Finally, the ketonic 
carbon atom is best located [2, 4], though less precisely, from a knowledge of the positions 
of the remaining atoms and of the centre of gravity of the molecule. From the B, and C, 
values for H,CCO, HDCCO, H,'8CCO and H,CC'*O, the structure computed is: 


doy (= dep) = 1-083 A; 

HCH | DCD) 22°35’ 
dogo = 1-314 A: 
dew = 1-161 A. 


When data for D,CCO are used instead of those for HDCCO, a structure differing only by 
0-001 A in dey and by less than I’ in / HCH is derived. 

This model gives the moment of inertia 7, of H,CCO as 1-819 a.m.u.A?, as compared 
with 1-781 a.m.u.A* computed by Jonunson and Srranppere [1] and 1-80 a.m.u.A? from 
infra-red spectra [2,5 

The other moments of inertia of the model differ from the microwave /, values by small 
amounts, so that the disagreement necessitated by the quantum defect in keten is shared 
among all moments of inertia. 

Assessment of the precision of the parameters is difficult, but it is thought that the 
probable errors in individual bond lengths are less than 0-01 A, and that the structure is 
the most reliable that can be computed at present. In it, d,,, is very close to that in CO, [2] 
and OCS [4], and d,,. is very close to that in allene [6}. : 


H. R. Jounson and M. W. P. Stranppere, J. Chem. Phys. 20, 687 (1952) 
W. F. ARENDALE and W. H. Fiercuer, J. Chem. Phys. 21, 1898 (1953). 
4. Krarrcuman, Am. J. Phys. 21, 17 (1953). 
C. Costar, J. Chem. Phys 29, S64 (1058 
P. E. B. Burier, D. R. Eaton and H. W. Taompson, Spectrochim. Acta 18, 223 (1958). 
B. R. Svorcuerr, Can. J. Phys. 33, 811 (1955). 
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Research notes 


We believe that recent developments in the computation of energy levels [7, 8] allow 
& more refined analysis of Q-branch microwave spectra of keten than that of Jounson 
and STRANDBERG [1], and we are considering this in detail in conjunction with further 
measurements. The discrepancy between reported values of J ,, however, will probably 
not be removed in this way. We have also examined ()-branch lines of H,CCO (K , = i, 
AK,, -1) for J-values up to 14, under very high resolution. No magnetic hyperfine 
splittings, such as were predicted and found for formaldehyde by Oxaya [9], were observ- 
able with line-widths of about 100 ke/s. 


This work was supported by a maintenance grant to one of us (A. P. C.) from the Department 
of Scientific and Industrial Research. 
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The calculation of absorption band wavelengths in 
“normal-incidence” vacuum ultra-violet spectrograms 


J. 
Inorganic and Physical Chemistry Department, Liverpool University 


(Received 11 March 1959) 


Abstract—The calculation of absorption band wavelengths in ‘‘normal-incidence’”’ vacuum 
ultra-violet spectrograms is commonly (and conveniently) performed by assuming constant 
dispersion between pairs of wavelength standards produced in emission. Four ways of decreas- 
ing or compensating for errors introduced by such a method of computation are considered. 


In so-called “‘normal-incidence’’ vacuum spectrographs, the incident radiation beam 
strikes a concave reflecting grating at an angle of incidence near 0° and the shorter 
wavelength portion of the first-order spectrum then occurs at diffraction angles 
near 0°. The source slit, a tangential point on the grating surface and the sensitized 
surface of the photographic plate all lie on the Rowland circle circumference 
(diameter = radius of grating curvature). Since reciprocal dispersion is proportional 
to the cosine of the diffraction angle [1], and since the variation of the cosine function 
at angles near 0° is small, it has been customary to accept as a satisfactory approxima- 
tion constant dispersions over short lengths of the spectrum. When the Lyman 
continuum, with its associated emission lines, has been used as a background for 
absorption spectra, ““mean’”’ dispersions between pairs of emission lines of known 
wavelength and measured separation have been calculated and used to compute 
wavelengths of interjacent absorption bands. The approximation has frequently 
been made without due consideration of the systematic error thereby incurred and, 
in such cases, the implied precision of presented wavelengths and wavenumbers is 
often overrated; these are usually given to the same number of significant figures as 
the corresponding data for the emission lines. Various ways of decreasing or com- 
pensating computational errors are given below. 

(a) The number of emission lines used for the calculation of ““mean’’ dispersions 
may be increased but the difficulty here is the scarcity of lines with known, reliable 
wavelengths in the Lyman emission. Boyce and Roptnson [2] have tabulated 
wavelengths of many of the lines found in the spectrum from a Lyman source but 
unfortunately only a small fraction of these may be used as standards with any 
reliability [3]. An estimation of the maximum computational error for particular 
emission line separations may be made by using the formulae of (b) or (c) below. 

(b) If the spectrograph is adjusted not only for focus, but also for conformity of 
spectral wavelengths to the Rowland equation [4], nA = d[sin a+ sin (2/r)], where the 
symbols have the usual significance, error formulae may be derived on the basis of 


* Present address: Chemistry Dept., The Manchester College of Science and Technology, Manchester 1 


R. A. Sawyer, Experimental Spectroscopy p. 142. Chapman and Hall, London (1951). 
. C. Boyce and H. A. Rosrnson, J. Opt. Soc. Am. 26, 133 (1936). 

G. J. Opt. Soc. Am. 45, 862 (1955). 

2. A. Sawyer, Experimental Spectroscopy p. 134. Chapman and Hall, London (1951). 
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this equation. The equation could be satisfied only if the photographic plate has 
exactly the Rowland circle curvature along its entire length when placed in its holder, 
and therefore a high degree of precision is required in the construction of this com- 
ponent; in addition, error of run in the ruling of the grating must be compensated 
for by “rolling” [5]. By paying due consideration to these factors, it is possible to 
adjust a spectrograph so that deviations from the Rowland equation are negligibly 
small [6]. In a normal-incidence vacuum spectrograph, this criterion could be 
satisfactorily confirmed by photographing the emission of copper or iron excited in 
a Schiiler tube, and then by using the vacuum ultra-violet wavelength tables given 
by Wixkryson [7] for these elements. If the wavelengths of absorption bands on 
the Lyman continuum are computed by constant dispersion formulae, error functions 
may be derived either by using the full Rowland equation or more simply by neglect- 
ing, as the first approximation, all terms beyond the second in the algebraic cosine 
expansion, i.e. cos (x/r)~ 1—2*/2r?. By this approximation, it can be shown that 
(Appendix 1): 

(D, — D,) — 2) — (4 +2, +22) 


AW~ + (1) 


where the subscripts 1 and 2 refer to the emission line standards and 
D = dAjdx = (d/nr) cos (x/r). 


Application of (1) requires a calculation of either x, or x, from the Rowland equation, 
and hence a knowledge of «, the angle of incidence, is required. The error may then 
be plotted as a function of distance from one of the standards, i.e. x—2z, or x—<2,: it 
reaches a maximum at z = [(z,?7+2,?+ 2, z,)/3]* and is zero at x = 2, and 2 = zy. 

(c) A better approximation than constant dispersion between two standard 
wavelengths is that reciprocal dispersion should vary linearly with distance for the 
same range. If A, and A, are the two standard wavelengths and A, is the wavelength 
of a third standard lying between the two, it may be shown that (Appendix 2) 


(x (“ —A, A,- *s) 


A~An3 = 


for an absorption band between A, and A,, where A,,, is the wavelength calculated on 
the basis of a linearly varying reciprocal dispersion between A, and A,, and A,4¢ is 
the wavelength calculated on the basis of a constant dispersion between A, and A,. 
Similarly 

(x—2,) (x — (a — A, 


A~ Ans = \c23 + (3) 


(2%, — 23) 
If linear variation of reciprocal dispersion had been assumed between A, and A,, 
where the latter is the wavelength of a fourth standard lying on the opposite side 
of A, to A, 


A~ Arg = Aces (4) 


(2_— 2,4) 


| R. A. Sawyer, Experimental Spectroscopy p. 171. Chapman and Hall, London (1951). 
| M. Frep, Private communication. 


iP.G.W ILKINSON, J. Opt. Soc. Am. 47, 182 (1957). 
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The calculation of absorption band wavelengths in ‘“‘normal-incidence” vacuum ultra-violet spectograms 


A validity test for such a treatment of errors ought to be found in a comparison of 
[1/(% —23)] [(Ay — Ag)/(% — — (Ag — Ag)/(%2 %5)] 

and [1/(a_—2%4)] [(Ag— Ag)/(%_ — 3) — (Ag — Ag)/(%3 — 2 4)]- 

In typical cases where diffraction angles have been less than about 15°, the difference 

has been found small. For similar cases, the arithmetic mean of the error functions 

of (3) and (4) ought to provide a very satisfactory correction. Each function may be 

plotted against distance from an adjacent emission standard: a knowledge of the 

angle of incidence is not required. The error is a maximum at the mean position of 

adjacent standards and zero at the standard wavelengths. 

(d) The ideal way of computing wavelengths is to “superimpose” an emission 
spectrum (e.g. copper or iron excited in a Schiiler tube [7]) on the absorption and then 
either use graphical (or analytical) interpolation or assume constant dispersion 
between close pairs of standards. By such methods infallibility is gained at the 
expense of tedium. It is, of course, possible to assume constant dispersion between 
more-widely spaced standards in the “superimposed” spectrum and compensate for 
systematic errors as in (b) or (c) above. When a “superimposed” spectrum is used, 
one of the recently-developed rare gas sources [8] would probably provide a more 
suitable background for absorption than the Lyman source, since, very frequently, the 
emission lines from the latter confuse the appearance of absorption bands. 


Acknowledgements—Grateful acknowledgement is made to Dr. M. Frep of Argonne National 
Laboratory, Lemont, Illinois, and to Dr. P. Warsor of Queen’s College, Dundee, for helpful 
correspondence and discussion. 


Appendix 1 
nA = d[sina+sin (x/r)} 


D = dd/dx = (d/nr) cos (x/r) = (d/nr) (1 — x?/2r? + x*/24r*...), 


D~d/nr —dz?/2nr? = A — (i) 
Substituting wavelength standard values in (i) and solving for B: 
B= —(D,—D,)/[(a— 22) (v1 (ii) 
Integrating (i) between A, and A,, and between A and A,: 
A, —A, = A(x, —2z,) — — x,%)/3. (iii) 
A = A, + A(x—2,) — B(x? — x,%)/3. (iv) 
The assumption of constant dispersion between A, and A, would lead to the formula: 
Neate = Ag + (Ay — Ag) — — (v) 
Substituting for (A, —A,) from (iii) into (v): 
Acate = Ap + A(x — B(x,? + + (x — 2,)/3. (vi) 


Subtracting (vi) from (iv) and substituting for B from (ii): 
(D,- D,) (x — 2) (uw — (uw + 2, + 


A = Aeale + 


[8] See for example, Y. Tanaka, J. Opt. Soc. Am. 45, 710 (1955). 
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Appendix 2 
If reciprocal dispersion between A, and A, varies linearly with distance, we may 
write 


D=axr+b. 
Integrating: 


Ang = ax? +ba+e. (vii) 


Substituting wavelength standard values in (vii): 


A, = ax,? + ba, +e. (viii) 
A, = ax,? + bx, +c. (ix) 
A, = ax,*? + bx, +c. (x) 


Solving for a from equations (vii), (viii) and (ix): 


_ 


(xi) 
Solving for a from equations (viii), (ix) and (x): 
a= | (xii) 
Equating the a’s of (xi) and (xii): 
Ans—Ay _ 22 —A, *s) A, (xiii) 
If constant dispersion between A, and A, had been assumed: 
Subtracting (xiv) from (xiii): 
Ans = (x | ). 
Solving for a from equations (vii), (ix) and (x): 
1 (Ang—Ae 
eum | 13 2 *2 (xv) 
Equating the a’s of (xii) and (xv): 
Ans — As — Az = A, — *s) A,— As (xvi) 
If constant dispersion between A, and A, had been assumed: 
AQ—A, 
c23 2 — 2 3 (xvii) 


Subtracting (xvii) from (xvi): 

Ans = Aces + 
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Beitrag zur Losungsspektralanalyse von Oxydeinschlussen in Stahl 


S. Meyer und O. G. Kocu 
Chemisches Laboratorium der Neunkircher Eisenwerk A.G., 
Neunkirchen /Saar, Germany 


(Received 25 March 1959) 


Abstract—A solution microtechnique for the spectrochemical analysis of oxide inclusions in 
steels is described. A sample of about 100-500 yg is fused with a flux mixture of sodium carbon- 
ate—potassium carbonate—borax, the melt dissolved in a hydrochloric acid solution of cobalt 


nitrate (internal standard) and citric acid, and the solution made up to known volume by means 
of a pipette. An aliquot of 20 wl is put on a preheated graphite electrode and a high voltage 
spark discharge is used. SiO,, Al,O,, FeO, MnO, Cr,O,, CaO, MgO and CuO are determined 
with a deviation from the mean of +5-5 per cent. The time required for complete analysis 


is about 55 min. 
I. Einleitung 
Dre nach dem Verfahren von KiiIncer und Koca [1] aus Stahl isolierten Oxydein- 
schliisse werden auf mikrochemischem [1-7] oder spektrographischem 4, 8-12] 
Wege analysiert. Die Anwendung solcher Verfahren ist erforderlich, da die zur 
Analyse verfiigbare Probemenge durchschnittlich nur etwa 0,1—1 mg betragt. Wegen 
ihres geringeren Arbeits- und Zeitaufwandes wird die Spektralanalyse hierfiir in 
grésserem Umfang eingesetzt, besonders bei jenen Isolaten, in denen eine gréssere 
Zahl von Elementen bestimmt werden muss. Wenn gréssere Probemengen zur 
Verfiigung stehen, werden fiir die Spektralanalyse Elektrodenpresslinge verwendet ; 
meist fiihrt man die Analyse aber mittels Lésungsspektralanalyse durch. Bei 
letzterer werden entweder nach dem Verfahren von ScHEerBe und Rivas [13] vorer- 
hitzte Stabelektroden [8, 9] oder aber rotierende Scheibenelektroden [10] verwendet. 
Ebenso wie in den genannten Arbeiten werden auch in der vorliegenden Arbeit nach 
dem Aufschluss des Probematerials die Elemente durch Lésungsspektralanalyse mit 
Kobalt als internem Standard bestimmt. Das hier beschriebene Verfahren unter- 
scheidet sich aber hinsichtlich seiner Arbeitstechnik und weist auch bei der Pro- 
benvorbereitung Vorteile auf. 


P. Kurmcer und W. Kocn, Beitrdge zur metallkundlichen Analyse. Stahleisen, Diisseldorf (1949). 
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Berlin (1955). 

[4] H. Mauissa, Mikrochim. Acta 474 (1956). 

F. Wever, W. Kocn und H. Marissa, Forschungsber. d. Wirtschafts- u. Verkehrsministeriumea 
Nordrhein- Westfalen H.229. Westdeutscher Verl., Kéln-Opladen (1955). 
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W. und 8. Ecxkuarp, Arch. Eisenhiittenw. 27, 165 (1956). 

[9] 8S. Ecknarp, W. und C. Maur, Angew. Chem. 68, 296 (1956). 

[10] E. Prrer, H. Haceporn, H. Kern und J. [ncein, Radex Rundschau 727 (1957). 

{11} W. Kocn und 8. Ecknarp, Forschungsber. d. Wirtschafts- u. Verkehrsministeriums Nordrhein- 
Westfalen H.48. Westdeutscher Verl., Kéln-Opladen (1953). 

{12] F. Wever, W. Kocn und 8. Eckuarp, Forschungsber. d. Wirtschafts- u. Verkehrsministeriums 
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[13] G. Scwerse und A. Rivas, Angew. Chem. 49, 443 (1936). 
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II. Arbeitsvorschrift 
1. Vorbereitung des Probematerials 
Reagenzien: 
Aufschlussgemisch: 3 Teile Na,CO, sicc. p.a.+3 Teile K,CO, sice. p.a. + 
4 Teile Na,B,O,.10 H,O p.a. 
Kobaltcitratlésung: 49,38 g Co(NO,),.6 H,O p.a. (= 10 g Co) + 
20 g Citronensiiure reinst + 269 ml konz. HCl p.a. 
(d = 1,16) mit dest. Wasser auf | Liter aufgefiillt. 
(1%, Co, 2%, Citronensiiure, 2,75 N HCl.) 

400ug der isolierten Oxydeinschliisse (die Einwaage kann sich zwischen 300 
500 ug bewegen) werden mit der Torsionswaage T 11 nach Gorsacn [14] in einen 
Mikroplatintiegel eingewogen, mit 16 mg Aufschlussgemisch (40—fache Menge der 
Einwaage) bedeckt und unter einer Leuchtlupe mittels eines Mikrogebliises 
aufgeschlossen. Zur erkalteten Schmelze fiigt man in den Mikroplatintiegel mit 
einer Mikrobiirette [14] 250 ul Kobaltcitratlésung und list darin die Schmelze in 
der Kalte. Das vollstiindige Lésen wird unter dem Stereomikroskop kontrolliert. 
Danach fiillt man die Lésung unter Nachwaschen mit dest. Wasser mittels einer 
Auswaschpipette, die mit einer vereinfachten Membranpumpe [15] versehen 
ist [14, 16-21] (s. Abb. 1(a)) auf ein Volumen von 500 yl auf. Die Probelésung wird 
anschliessend in einen Spitzbecher mit Schliffstopfen [14] geblasen und der 
Lésungsspektralanalyse zugefiihrt. 

Bei Einwaagen von etwa 150-300 yg wird die Schmelze in 100 yl Kobalt- 
citratlésung gelést und mit einer zweiten Auswaschpipette auf ein Endvolumen von 
200 yl gebracht, fiir Probemengen von etwa 100-150 yg sind 50 ul Kobaltcitratlésung 
erforderlich und das Endvolumen betriigt 100 yl. 


2. Spektrographische Bestimmung 


Von der im Spitzbecher befindlichen Probelésung werden 20 yl mit einer Kapillar- 
pipette auf vorgefunkte und vorerhitzte Stabelektroden aufgebracht und anschliessend 
abgefunkt. Das Vorerhitzen der Elektroden erfolgt mittels eines mit einem 
Spezialaufsatz versehenen Mikro-Universalheizblockes, dessen Arbeitsweise zusam- 
men mit der damit verbundenen Arbeitstechnik bereits friiher beschrieben 
worden ist [22]. 


Spektrographische Arbeitsbedingungen : 
Spektrograph : A.R.L.—1,5 m—Gitterspektrograph; 
Spaltweite : 0,020 mm; 


Anregungsquelle: A.R.L. High Precision Source; 
Spannung: 180 V/20 000 V; 


[14) G. Gorsacn, Mikrochemisches Praktikum. Springer, Berlin, Gottingen and Heidelberg (1956). 
[15) G. Gorpacn, Mikrochemie ver. Mikrochim. Acta 39, 204 (1952). 
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Gorsaca und F, A. Pont, Mikrochemie ver. Mikrochim. Acta 36-37, 486, 38, 258, 328 (1951). 
139, 241, 423 (1953); 141, 81 (1954). 


Acta 1751 (1956). 
Acta 92, 151, 347, 
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tonse.s, Z. anal. Chem. 161. 108 (1958). 
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Beitrag zur Lésungsspektralanalyse von Oxydeinschliissen in Stahl 


Stromstiirke: 1,45 A; 

Kapazitit: 7000 pF; 

Selbstinduktion: 0,36 mH; 

Widerstand: Restwiderstand ; 

Entladung: 100/sec; 

Elektroden: Graphit RW I, 5 mm ¢ (Ringsdorff—Werke, Bad Godesberg/Mehlem), 
plan abgedreht mit A.R.L.—Elektrodenspitzmaschine ; 


t 


Abb. 1. (a) Auswaschpipette mit vereinfachter Membranpumpe; A, vereinfachte Membran- 
pumpe, B, Glasrohr, C, Gummistopfen, D, Auswaschpipette. (b) Kapillarpipette mit 
Membranpumpe; A, Membranpumpe, B, Gummistopfen, C, Kapillarpipette. 


Elektrodenabstand: 3 mm; 

Vorfunkzeit: keine; 

Belichtungszeit : 60 Sekunden; 

Photograph. Film: Kodak Spectrum Analysis No. 1; 
Entwickeln: Kodak D 19, 3 Minuten bei 18°C; 
Unterbrechen: 3°,ige Essigsiure, 10 Sekunden bei 18°C; 
Fixieren: Kodak F 5, 5 Minuten bei 18°C; 
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Entwickeln. Unterbrechen und Fixieren unte 
Entwicklungsmaschine 

Wiassern : 15 Minuten in flic 
Wasser: 

Trocknen: A.R.L. Trocknungsmaschine oder an der Luft: 

Auswertung: A.R.L. Comparator -Densitometer : 

Emulsionskalibrierung- Zweistufen—Vorkurven Methode, Eisenspektrum mit 2— 

Stufen—Filter (100% /50% ) aufgenommen [23]; 


r mechanischem Schaukeln in A.R.L. 


‘ssendem Leitungswasser und Nachspiilen mit destilliertem 


Interner Standard - Co; 
Linienpaare: Al 3092.7 Co 3072.3: 


Ca 3179.3/Co 3072.3 (oder Co 3147,1): 
Cr 2843.3/Co 2871.2: 
Fe 2599.4/Co 2648.6: 
Mg 2852.1/Co 2871,2: 
Mn 2933.1/Co 2987.2: 
Si 2881.6/Co 2871,2: 
Cu 3274.0/Co 3147.1: 
Kamerafilter fiir héhere Elementgehalte (in © 
Si 50, Cu 10. 


Die mit dem Densitometer erhaltenen Messwerte wurden mit dem Rechenbrett 
“Respektra”’ (Dennert & Pape, Hamburg- Altona) nach Kaiser [24] ausgewertet. 


4 Durchlissigkeit) : Al 25, Fe 10, Mn 50. 


47g Oxyd/500 4A 


O} 


“O08 -06 -04 -02 0 O2 oa 06 10 


12 


Abb. 2. Eichkurven: (1) Si/Co, (2) Si (gefiltert) Co, (3) Al Co, (4) Al ( 
(6) Cu (gefiltert) Co, (7) Mg Co. 


gefiltert) ‘Co, (5) Cu/Co, 


3. Aufstellung der Eich kurven 


Die Eichkurven (s. Abb. 2 u. 3) wurden mit Hilfe 
einzelnen Elemente aufgestellt, wobei von 1° 


von Stammlésungen der 
olgen Lésungen (1 g Element/100 ml. 


[23] J. R. Cuurs HILL, Ind. Eng. Chem.., Anal. Ed. 16, 653 (1944). 
(24) H. Kaiser. Spectrochim. Acta 4, 351 (1950-1952). 
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0,01 N HCl) ausgegangen und die gewiinschte Konzentration durch Verdiinnung 
hergestellt wurde. 

Ansatz. In einem 100 ml Messkolben wird die dem vorgesehenen Elementgehalt 
entsprechende Menge Salz des Elementes in wenig Wasser gelist bzw. 5 ml oder 
10 ml Elementstammlésung entsprechender Verdiinnung vorgelegt. Dazu fiigt man 
50 ml Kobaltcitratlésung (49,38 g Co (NO,),.6 H,O p.a. + 20 g Citronensiure reinst 
+1 ml konz. HCl p.a. (d = 1,16) + destilliertes Wasser auf 1 Liter aufgefiillt) und 
37,5 ml Aufschlussgemischlésung (34,13 g Na,B,O,.10 H,O p.a.+ 25,60 g Na,CO, 
sice. p.a.+ 25,60 g K,CO, sice. p.a.+ 357 ml konz. HCl p.a. (d = 1,16) mit dest. 


log 44g Oxyd /500 


-10 -O8 -O6 -04 -02 0 02 04 O8 
ay 
Abb. 3. Eichkurven; (1) Fe/Co, (2) Fe (gefiltert)/Co, (3) Mn/Co, (4) Mn (gefiltert)/Co, 
(5) Cr (6) Ca/Co. 


Wasser auf | Liter aufgefiillt). Der Messkolben wird dann mit dest. Wasser bis zur 
Marke aufgefillt und nach gutem Durchmischen von dieser Lésung 20 pl gemiiss 
der Arbeitsvorschrift abgefunkt. 

Abweichend davon wurde die Silizium—Eichkurve aufgestellt: den einzelnen 
Kichpunkten entsprechende Einzeleinwaagen an fein zerriebenem Quarzsand wurden 
nach der Arbeitsvorschrift aufgeschlossen, gelést und abgefunkt. 

Bei der Analyse ist die fiir das Auflésen der Schmelze benétigte Salzsiure in der 
Kobaltcitratlésung enthalten. Im Gegensatz hierzu ist es erforderlich, bei der 
Aufstellung der Eichkurven die Salzsiure der Aufschlussgemischlésung zuzusetzen, 
da sonst die Reaktion zwischen den Alkalicarbonaten und der Salzsiéure erst im 
Messkolben erfolgt und das entweichende CO, nicht nur die Genauigkeit beim 
Auffiillen des Messkolbens bis zur Marke beeintrichtigt, sondern infolge Blasenbildung 
und Verspritzen beim Aufbringen der Lésung auf die erhitzte Elektrode mitunter 
auch zu Substanzverlusten und somit zu starken Streuungen fiihrt. Dies vermeidet 
man durch den beschriebenen Ansatz der Eichlésungen, bei dem man die Alkali- 
carbonate mit der Salzsiiure bei der Herstellung der Aufschlussgemischlésung vor 
dem Auffiillen vollstaindig ausreagieren lisst. 
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Ill. Ergebnisse und Diskussion 

Wie bereits eingangs erwihnt wurde, unterscheidet sich die bisher bekannte 
Arbeitsweise [1, 8, 10] von der hier angegebenen Methode in mehreren Punkten. 
Ein Vergleich der Arbeitsvorschriften zeigt, dass bei den friiher erwihnten 
Verfahren [1, 8] zum Aufschluss des Probematerials Borax allein verwendet und fiir 
Cr,0,—haltige Einschliisse noch ein Zusatz von KNO, empfohlen wird [10]. Eigene 
Versuche ergaben, dass der Aufschluss mit dem hier verwendeten Aufschlussgemisch 
leichter durchfiihrbar und dann ein Zusatz von KNO, in keinem Fall erforderlich 
ist. 

Besonderes Augenmerk ist dem Lésen der Schmelze zuzuwenden. In den 
genannten Verfahren [1, 8, 10] lést man die Schmelze in der Wiarme bei ca. 80°C 
mit einer 1°,igen Co—citratlésung (40,352 g CoCl,.6 H,O+ 110 g Citronensiiure/I.) 
und bringt die Lésung unter Zusatz von Wasser und Auswiegen der Lésung im 
Platintiegel mittels einer Mikrowaage auf ein bestimmtes Volumen. Dabei wird 
besonders darauf hingewiesen, dass man die so erhaltene Lésung danach méglichst 
rasch der Spektralanalyse zufiihren muss, da die vorhandene Kieselsiiure leicht und 
in kurzer Zeit ausfallt. Diese Schwierigkeiten treten mit der hier verwendeten 
salzsauren Kobaltcitratlésung nicht auf. Die salzsaure Kobaltlésung in der hier 
angegebenen Zusammensetzung erwies sich auf Grund zahlreicher Versuche am 
giinstigsten und die damit erhaltenen Probelésungen sind hinreichend stabil. Eine 
Ausfillung der Kieselsiure tritt auch bei mehrstiindigem Stehen der Probelésungen 
nicht auf. Selbst eine bei 4°C 24 Stunden lang aufbewahrte Lésung zeigte keine 
Anderung in der Zusammensetzung. Das Auffiillen der Probelésung auf ein bekanntes 
Volumen mit Hilfe einer Auswaschpipette wurde vorgezogen, da es gegeniiber der 
Wigetechnik arbeitsmissig giinstiger erscheint. Das Lésen der Schmelze geht mit 
der salzsauren Kobaltcitratlésung in der Kilte im allgemeinen rasch vor sich. Wenn 
sich gelegentlich eine an Schwermetallen reiche Schmelze bei Raumtemperatur nicht 
lésen sollte, so geniigt nach den eigenen Erfahrungen ein Erwirmen mit dem Mikro- 
Universalheizblock [14] auf etwa 30-35°C, 

Abweichend von dem tiblichen Erhitzen der Elektroden durch Vorfunken [1, 8] 
wird das Erhitzen der Elektroden vor dem Aufbringen der Probelésung mit Hilfe des 
Mikro-Universalheizblockes mit Spezialaufsatz [22] durchgefiihrt, weil damit gleich- 
massigere Arbeitsbedingungen erzielt wurden. Das Aufbringen der Probelésung auf 
die erhitzten Elektroden erfolgt mittels einer Kapillarpipette, die zweckmiissig mit 
einer Membranpumpe der Mikrobiirette [14] versehen [20] (s. Abb. 1(b)) und in 
einem Stativ eingespannt ist. Fiir den vorliegenden Zweck wird sonst die 
Mikrobiirette [14] verwendet [8,25]. Darauf wurde hier verzichtet, da die 
Mikrobiirette infolge ihres Totvolumens von etwa 180 ul. (von der Biirettenspitze 
bis zum Beginn der Skaleneinteilung) eine Mindesteinwaage von 210-220 ug 
erforderlich macht. Demgegeniiber kann bei Verwendung der Kapillarpipette nach 
dem vorliegenden Verfahren mit einer Einwaage bis herab zu etwa 50 ug Probe- 
material (bei einem Endvolumen von 100 yl. Probelésung) noch eine Analyse 
durchgefiihrt werden. Allerdings muss bei Einwaagen, die in diesem Bereich liegen, 
der Aufschluss unter dem Stereomikroskop mit Hilfe eines Mikromanipulators [8, 25] 


[25] W. Kocnu und H. Matissa, Arch. Bisenhiittenw. 27, 13 (1956). 
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durchgefiihrt werden, da das Aufschliessen so kleiner Mengen im Mikroplatintiegel 
bereits schwierig ist. 

Der Zeitbedarf fiir die Vorbereitung einer Probe nach der hier beschriebenen 
Vorschrift, d.h. von der Einwaage bis zum Zeitpunkt des Beginns der Lésungsspek- 
tralanalyse, betriigt 20 Minuten. Die hierfiir benétigte Zeit nach den bisher bekannten 
Verfahren [1, 8, 10] ist demgegeniiber um die Hialfte linger. Die Dauer der 
Lésungsspektralanalyse selbst ist von der spektrographischen Einrichtung abhiangig 
und wird daher in den einzelnen Laboratorien verschieden sein. Fiir die hier benutzte 
Einrichtung von A.R.L. betriigt sie bei gleichzeitiger Analyse von 4 Proben fiir 1 
Probe 50 Minuten, wenn die gesamte Analyse von einem Analytiker durchgefiihrt 
wird ; sie betrigt 35 Minuten, wenn die Auswertung der Spektren durch 2 Analytiker 


erfolgt. 


Tabelle 1. Lésungsspektralanalyse von Oxydgemisch 


Zusammensetzung des Oxydgemisches (°) 


Analysenverfahren 
SiO, | Al,O,| FeO | MnO |Cr,O,| CaO | MgO | CuO | Mittel- 


Chemische Analyse 29,2) 30,0) 13,5] 7,7 9,4 7,3| - - 


Mittelwert von 10 spektro- 
graphischen Einzelbestim- 
mungen 30,$ 2 


Abweichung des_ spektro- 
graphischen Mittelwertes 
von der chem. Analyse, 
rel. Fehler (%) 7 


Mittlerer relativer Fehler 
(%) der spektrographi- 
schen Einzelwerte, bezogen 
auf den Mittelwert 


Die Tabelle 1 gibt Aufschluss iiber die Genauigkeit des hier beschriebenen 
Verfahrens. Hierzu wurden mit einem synthetischen Oxydgemisch bekannter 
Zusammensetzung 10 Lésungsspektralanalysen durchgefiihrt. Der mittlere relative 
Fehler der Einzelwerte betrigt danach +5,5°,. Dieser Fehler bezieht sich auf das 
gesamte Verfahren, da die Einzelwerte aus Einzeleinwaagen stammen. Der Fehler 
der Lésungsspektralanalyse selbst, wie er sich bei wiederholtem Abfunken derselben 
Probelésung ergibt, liegt niedriger. Die Abweichungen der spektrographischen 
Werte von der chemischen Analyse liegen im Rahmen dieser Genauigkeit. Lediglich 
beim Tonerdegehalt ist eine etwas gréssere Abweichung festzustellen, die wahrschein- 
lich auf einen systematischen Fehler der mikrochemischen Analyse zuriickzufiihren 
sein diirfte, da praktisch derselbe Wert auch in einem anderen Laboratorium spektro- 
graphisch ermittelt wurde. 
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+5,9| +3,9] -21| +14] — | — | 
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Fiir die sehr sorgfiltige Durchfiihrung der zahlreichen Versuche bei der 
Ausarbeitung des Verfahrens, sprechen wir Frau Dr. G. A. Kocn und Herrn R. 
SEILER unseren Dank aus. 


IV. Zusammenfassung 

Es wird ein Verfahren zur Lésungsspektralanalyse von Oxydeinschliissen in Stahl 
beschrieben, mit dem die Gehalte an SiO,, Al,O,, FeO, MnO, Cr,O,, CaO, MgO und 
CuO unter Verwendung einer Einwaage von 100-500 ug und Co als internem 
Standard quantitativ bestimmt werden kénnen. Das Probematerial wird mit einem 
Gemisch von Na,CO,/K,CO,/Na,B,0,.10 H,O aufgeschlossen, die Schmelze in 
salzsaurer Kobaltcitratlésung gelést, auf ein bekanntes Volumen aufgefiillt und 
nach Aufbringen eines aliquoten Teiles auf vorerhitzte Graphitelektroden die 
Spektralanalyse im Hochspannungsfunken durchgefiihrt. Der mittlere relative 
Fehler der Einzelbestimmung betriigt + 5,5°%,. Die Verarbeitung des Probematerials 
bis zum Zeitpunkt der Spektralanalyse wird in 20 Minuten durchgefiihrt; fiir die 
Spektralanalyse selbst werden 35 Minuten bendtigt, falls die Auswertung der Spektren 
durch 2 Analytiker erfolgt. 
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Infrared absorption spectra of dilute solid solutions at 
low temperatures 


L. K. FREvVEL 
Spectroscopy Laboratory, The Dow Chemical Company, Midland, Michigan 


(Received 12 March 1959) 


Abstract—At low temperatures sharp satellites of the v,-band near 1385 em~! are observed for 
a nitrate ion substituted for an anion in an alkali halide crystal. 


Introduction 


INFRARED absorption spectra of solid solutions at room temperature have been 
obtained by several investigators [1-5] who have noted that incorporation of a poly- 
atomic ion into the structure of an alkali halide produces frequency shifts of the 
characteristic absorption bands. KrTELAAR and VAN DER ELSKEN [4] concluded that 
the general tendency is a shift to higher frequencies with decreasing lattice constant 
of the matrix, as would be expected if only the long-range electrostatic forces were the 
cause of the shift. One would also expect that a change in the co-ordination polyhedron 
around the incorporated complex ion would produce a measurable effect in the 
absorption spectrum of this foreign ion. To minimize the libration of the complex ion 
at a matrix site it was decided to study this effect at low temperatures [6, 7]. 


Method 


Apparatus 

A double-beam automatic prism-grating infrared spectrophotometer [8] was used 
to scan a frequency range from 3800 cm~! to 450 em~!. The spectra, as seen from 
Figs. 1 to 4, are presented linear in transmittance on a nonlinear scale registered as 
absorbance, vs. a linear wave-number abscissa scale. With the 127 mm x 102 mm 
gratings a resolution of 1 cm! is easily realized throughout the spectrum covered. 
The recording time averages about 15 min but can be reduced arbitrarily for the 
detailed study of band shapes or the measurement of band widths. The compact low- 
temperature cell, to be described in a separate note, consists of a brass holder for the 
sample-pellet which can be cooled by a gaseous stream of cold dry nitrogen confined to 
flow between two K Br windows surrounding the sample. A thermocouple welded to 
the brass holder registers the temperature. 


} J. C. Decrus, J. Chem. Phys. 23, 1290 (1955). 

| J. A. A. Kerecaar, C. Hass and J. vAN per ExtsKken, J. Chem. Phys. 24, 624 (1956). 

] C. C. Ferriso, Thesis, Brown University (1956). 

] J. A. A. Kerecaar and J. vaAN per Evsken, J. Chem. Phys. 30, 336 (1959). 

] D. F. Hornie and G. L. Hitpert, J. Chem. Phys. 27, 752 (1957). 

| D. F. Horne, Discussions Faraday Soc. 9, 115 (1950). 

| N. SHeprparp, Molecular Spectroscopy p. 136. The Institute of Petroleum (1955). 

] L. W. Herscuer, Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy (1959). 
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Sample preparation 

Dilute solid solutions were prepared by first dissolving a weighed portion of 
reagent-grade KNO, in an almost saturated solution of K Br (Harshaw spectroscopic 
grade), then flash-evaporating the water, and finally drying the crystals at ~ 120°C in 
a vacuum. The same procedure was employed to prepare a dilute solid solution of 


 KNOg at -130°C 
- oa} & $ $----+ \----+----+ f--+------ 
d 


_ FREQUENCY (cm™') 


Fig. 3. Infrared spectrum of reagent grade KNO, at —130°C. The line marking at 
1330 cm~' is not part of the spectrum but results from the automatic grating change in 
the spectrophotometer. 


CsNO, in CsBr. Because of the hygroscopicity of LiNO, it was found expedient to fuse 
the co-crystallized (Li, Na)NO, mixture at ~ 300°C to expel all water. A Perkin- 
Elmer evacuable die (021-0106) was used for pressing the dilute solid solutions into 
phere ~ 10 mg of the solid solution with | g of Harshaw K Br powder in a ““Wig-L-Bug”’ 
amalgamator for 3-5 min. Then ~ 100 mg of this mixture was blended with 1 g of 
K Br powder in the amalgamator for 3 min without the ball bearing. This final blend 
was then formed into a pellet 13-0 mm in diameter and approximately | mm in thick- 
ness. All ingredients were carefully weighed and the pellet weight was recorded to 
obtain accurate values for the NO,~ concentrations. 


thin disks [9, 10}. In the case of (Li, Na)NO, it was necessary to mix in a dry atmos- 


9) H. Hausporrr, Appl. Spectroscopy 8, No. 3 (1954). 
(10) M. A. Forp and G. R. Wiikixson, Molecular Spectroscopy p. 338. The Institute of Petroleum (1955). 
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Infrared absorption spectra of dilute solid solutions at low temperatures 


Results 


The spectroscopic data are summarized in Tables 1 and 2. For each band, the 
frequency in wave numbers, the absorbance (base line technique) and the apparent 
width at half-peak optical density [11] are recorded. For the solid solutions a feature 
of primary interest is the appearance of extremely sharp satellites on the v,-band of 
NO,~ near 1385 cm~' (Figs. 1 and 2) as the temperature is lowered. These satellites 
were not obtained with the pure nitrates (Figs. 3 and 4). The only pronounced fre- 
quency shift (Av, = 14 + 2cm~") due to solid solution was observed for the fundamental 
wp td v, near 840 cm~'. However, the appearance of a band at 2092 cm~! and one 

t 2762 cm~' for K(Br, NO,)* is noteworthy since no such bands were observed for 
KNO, i in either an intense mull spectrum [12] or a thick pellet spectrum (see Table 2). 
In the case of the dilute solid solutions (Li, Na)NO, and (Na, Li)NO, the frequency 
shifts of the identifiable NO,--bands are less than 3 em~ and it is rather difficult to 


ABSORBANCE | 


FREQUENCY (cm™') 


x 


1900 


Fig. 4. Infrared spectrum of reagent grade NaNO, at —135°C. The line at 1330 cm- 
results from the automatic grating change in the spectrophotometer. 


detect that the spectra in Fig. 2 arise from a mixture of two dilute solid solutions. 
By X-ray diffraction it was readily determined that the polycrystalline sample from 
the chilled melt of the two nitrates consisted of a NaNO, phase and a LiNO, phase. 


* The underline in the formula K(Br, NO,) signifies that the host matrix of the solid solution is that 


of KBr in which a small number of bromide ions have been replaced by nitrate ions. 
{11] R. A. Russet and H. W. Tuompson, Spectrochim. Acta 9, 133 (1957). 
{12} F. A. and C. H. Anal. Chem. 24, 1253 (1952). 
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Table 1. Infrared spectral data* of dilute solid solutions of inorganic ionic salts 
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Precision measurements of the interplanar spacings of the two phases revealed a 
difference of less than 0-2 per cent from those of the pure nitrates, thus indicating that 
the degree of solid solution was probably less than 1 mole per cent. In contrast, the 
low temperature absorption spectrum of (Li, Na)NO, revealed clearly the presence 
of solid solution by the characteristic satellites of the intense v,-band near 1385 em—". 
For the dilute solid solution Cs(Br, NO,) containing 0-1 mole per cent CsNO,, one 
observes a pronounced satellite of v, at 1424 em~, 


Formula and 
composition (em~*) 


K(Br, NO,) 
0-248 mole % 


in NO,- 
840 


1384 (v5) 


1432 
1770 
2092 
» 


2762 


25°C 


“2 
oy 


0-05 


1-9 


inflection 
0-01 
0-003 
0-05 
0-007 


(em~') 


~ 


—135°C 
I, 
log (em!) 


0-005 
0-002 
0-001 
0-20 1-8 
0-015 1-7 
shoulder 
0-005 1-5 
0-04 1-7 
vs 
inflection 
0-06 1-3 
0-06 1-7 
0-03 O-8 
0-19 O-8 


0-02 


(Li, Na)NO, 
~1 mole % Na* 735 (¥,) 


839 
1354 


|} 1383 
1432 
1767 
2428 


2765 


0-01 


0-10 
shoulder 


1-55 
shoulder 
0-01 
0-06 
0-01 


716 
738 (v4) 
837 
842 
1354 
1374 
1377 
1386 
1433 
1768 
2428 
2763 


0-01 1-6 
0-02 
shoulder 

0-26 2-1 
0-06 
0-03 0-7 
0-01 0-7 

vs 7-6 
0-05 O-8 
0-07 1-0 
0-28 0-7 
0-03 1-5 


Cs(Br, NO,) 
0-184 mole % 835 
in NO, 1050 


1370 


1748 
1760 


0-38 
0-005 
vs 


0-03 
shoulder 


836 
1050 
1336 
1350 
1387 
1424 
1750 
1763 


0-43 
0-005 
0-04 
vs 
vs 
0-2 
0-025 
0-02 


* The quantities log I 


the finite slit width of the spectrophotometer. 


7 and Av,* were measured directly from the spectra and were not corrected for 


| 
824 
835 
S38 
1354 
1363 
1373 
1375 
= 17-6 1385 (v4) 
1392 
10 708 
19 2092 ] | 
8-8 2428 195 
16-8 2763 1-3 
| 
31 
5-9 
8 
4 
Tt 
vb 
1 
560 
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Table 2. Infrared spectral data* of some pure alkali nitrates 


— 130°C 
v 
I 
Compound (em~') log log 1) 
(mull) (disk) (disk) 


KNO, 0-005 
(v4) 0-02 

0-01 

827 0-17 

$29 0-82 
1052 0-01 
shoulder 
1383 (v5) 0-76 1-17 
1385 (v5) 1-97 
1434 shoulder 0-01 

1433 0-12 
1504 0-O1 
1763 0-20 
0-03 

2066 0-01 
2397 0-08 
0-01 

0-01 

2425 0-03 
2479 0-005 
2736 0-005 
0-02 


cr 


~ 


— 


0-063 


0-02 
0-01 


— 135°C 


0-02 

0-05 

723 (v4) 0-002 y 0-01 

0-01 

1-2 

835 (v4) 0-14 36 0-21 

Vs 

1368 : 1-2 
1381 (v5) 38 vs 

1446 shoulder 0-01 

5 

0-015 

1787 0-03 7 0-035 

0-16 2 

0-09 

2424 0-02 b 0-04 

0-04 


* The mull spectra were prepared with nujol and with fluorolube. The KBr-disk spectra were 
observed on the same pellet at 25°C and at low temperature. 


4-6 
27 
2-2 
» 
Ube 
15 
NaNO, | 
720 
"OR 
(y ) 
21 
815 
839 
3-8 
(1374) (v5) 
40 
5 
3 
1447 i 
2-1 
4-2 
1787 
2426 
a 9-2 
2472 
37 561 
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Table 2—contd. Infrared spectral data of some pure alkali nitrates 


— 130°C 
Ar,* »,@ 
Compound (em~?) 1) (em!) log — 1) 
(mull) (disk) (disk) 


LiNO, —135°C 
0-04 (different pellet, low [LiNO,]) 
0-23 
734 0-035 
0-01 
0-02 
840 (¥,) 1-06 
837 (¥,) 0-19 0-055 
0-2 
1380 vs b 2 
1384 (v5) 1-33 24 
1443 inflection 0-005 
1447 inflection 
1793 0-09 11-3 
1793 0-025 13-4 
2423 0-06 
2483 0-03 


Discussion 
It has been shown [13-16] that ifa crystal is approximated by a harmonic oscillator, 
only a rather small number of vibrational modes may be active in the infrared spec- 
trum. These modes should have proper symmetry with respect to the unit cell group 
[17] and the resulting spectrum should consist of very sharp lines. In practice one 


usually observes wide “‘bands”’ and the broadness of these bands is usually attributed 
to combination lines with lattice vibrations and anharmonic coupling between 
molecular and lattice modes. In a random substitution-type solid solution of an ionic 


crystal one encounters a random substitution of foreign ions for host ions of the same 
charge. The lowering of environmental symmetry (co-ordination polyhedron of 
nearest neighbors) and the packing constriction of a larger foreign ion (e.g. Na* 
replacing Li* in LiNO,) should produce greater anharmonic coupling with the lattice 
modes, which coupling is temperature dependent [18]. The spectrum of the nitrate 
ion was studied because the careful redetermination of the interatomic distances in 
NaNO, [19] permits one to arrive at a fairly reliable packing shape for the nitrate ion. 
Using the experimentally determined electron density map of the nitrate oxygens and 
applying a correction of 0-80 + 0-5 A [20] to obtain the effective van der Waals radius 
for the oxygen bonded to nitrogen at an interatomic distance of 1-218 A, one obtains 
for the nitrate ion a disk-shaped model the diameter of which is 4-5—5-0 A and the 


[13) M. Borw and M. Biackman, Z. Physik 82, 551 (1933). 

(14) M. Brackman, Z. Physik 86, 421 (1933). 

15} R. S. Hatrorp, J. Chem. Phys. 14, 8 (1946). 

16} D. F. Hornie, J. Chem. Phys. 16, 1063 (1948). 

17) S. BHAGAVANTAM and T. VENKATARAYUD! » Theory of (frou ps and Its A pplication fo Physical 
Problems pp. 99 and 141 Andhra University, Waltair (1951). 

|18 P. P. Ew ALD, Naturwissenschaften 10. 1057 1922) 

{19 R. L. Sass, R. Vipate and J. Dononvur, Acta Cryst. 10, 567 (1957). 

[20] L. Pauutine, The Nature of the Chemical Bond p. 178. Cornell University Press, Ithaca (1939). 
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thickness of which is 2-8 A. Substitution of the nitrate ion for the bromide ion (ionic 
radius of Br~ = 1-95 A) in the rocksalt structure of KBr is spatially possible if the 
threefold axis of NO,~ is parallel to the cube diagonal of the unit cell and if each 
oxygen atom is located equidistant from its two nearest potassium ions. A rotation 
of 60° about the cube diagonal gives an equivalent packing position. This same type 


(Q) (b) 


Fig. 5. Projection (a) depicts the octahedral co-ordination of an unsymmetrically sur- 
rounded potassium ion in K(Br, NO,). The electron density map for the nitrate ion 


shows contours drawn at intervals of 1 A-*, the zero contour being omitted. The van der 


Waals packing shape of NO,~ is shown by the closed curve encircling the contour map. 
The ionic radius for K* corresponds to 1-33 A; for Br-, 1-95 A. Projection (b) shows a 


similar co-ordination of an unsymmetrically surrounded nitrate ion in (Li, Na)NO,. 


The ionic radius for Na corresponds to 0-95 A: for Li*, 0-60 A. 


of octahedral co-ordination is present in the sodium nitrate structure which can be 
pictured as a flattened NaCl structure. One may thus surmise that the crystal field 
asymmetry for a K* surrounded octahedrally by five Br~ and one NO,~ would be 
comparable to that of NO,~ surrounded similarly by five Li* and one Na* as projected 
in Fig. 5. The net field around an unequally surrounded ion has to be considered as an 
alternating electric field because of the thermal lattice waves. Such perturbation is 
probably responsible for a coupling of the molecular and lattice frequency which has 
different selection rules from the comparable coupling for the pure compounds. The 
low concentration of nitrate ions in K( Br, NO,) precludes a nitrate—nitrate interaction 
as in the case of the 50% 'N KNO, solid solution studied by Dectvus [1]. However, 
the presence of foreign ions as pointed out by Decivs perturbs the lattice symmetry 
and breaks down the selection rule which otherwise permits absorption only in that 
mode in which all lattice vibrations occur with identical phases. 


Acknowledgement—The writer wishes to thank Mr. L. J. Kressiey for the construction of the 
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Geometry of the non-focusing X-ray fluorescence spectrograph* 


N. Sprecperc, W. Parrisu and K. Lowirzscu 
Philips Laboratories, Irvington-on-Hudson, New York 


(Received 23 February 1959) 


Abstract—The effects of the various geometrical factors of the X-ray optical system on 
intensity, peak-to-background ratio and resolution are derived and illustrated with experimental 


data. The arrangement of the specimen with respect to the X-ray tube and the optical system 
is shown to be a major factor in determining the intensity; and procedures for optimizing this 
source geometry in terms of the variation of intensity of primary radiation reaching the specimen, 
and self-absorption effects as a function of angle-of-view are outlined. The Soller collimator 
geometry is introduced with a discussion of the simple single crystal spectrometer and the effects 
of the angular and linear apertures in the equatorial and axial planes are explained. Various 
figures of merit are used to evaluate several geometries including the use of two Soller collimators. 
The minimum foil thickness, total reflection, the testing of Soller collimators, the elimination 
of spurious sources of background with antiscatter diaphragms and various other geometrical 


factors are discussed. 


1. Introduction 
THe number and types of chemical analyses by means of X-ray fluorescence have 
increased greatly in recent years [1, 2]. The demands for greater precision, lower 
limits of detectability, extending the range of analysis and other improvements are 
continually growing. To meet these needs it is necessary to use the X-ray fluorescence 
spectrograph in the most advantageous manner. In this paper we shall describe the 
principles of the instrument in terms of the geometry of the X-ray optical system 
and show the role played by each of the instrumental parameters. We shall consider 
only the non-focusing spectrograph with a single flat crystal analyzer-monochromator 
and Soller collimators. This is the most widely used instrument designed specifically 
for more or less routine elemental analysis. The classical two-crystal high-resolution 
spectrograph used for the study of X-ray spectra [3, 4], and focusing geometries for 
fluorescence analysis [5, 6] will not be described. Many of the factors that will be 
discussed have appeared before, but they are scattered throughout the physics 
literature on X-ray spectroscopy and are presented in a form not directly applicable 
to practical fluorescence analysis. Although many papers have been published 
on chemical analyses, only a few papers deal with the instrumentation 


* Presented in part at Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy, 
28 February 1956; abstract in Spectrochim. Acta 8, 112 (1956). 


{1} H. A. Liesuarsky and E. H. Wrystow, Anal. Chem. 30, 580 (1953); Jbid, 21, 17 (1949); Ibid. 22, 
15 (1950): Ibid. 23, 14 (1951): Jhid. 24, 16 (1952); Jbid. 26, 26 (1954); Jbid. 28, 583 (1956). 

2 M. Mack, Norelco Reptr 3. 37 (1956). 

3| M. Steceanun, Spektroscopie der Réntgenstrahlen (2nd Ed.). Springer, Berlin (1931). 

4) A. H. Compton and 8. K. Auutson, X-rays in Theory and Experiment. Van Nostrand, New York 
1935 

5) G. E. B. Barstap and |. N. Rerspar, Rev. Sci. Instr. 29, 343 (1958). 

L. 8S. Brexs, E. J. Brooxs and G. W. Gour tay, Rev. Sci. instr. 29, 425 (1958). 
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[7-11] and none present a detailed discussion of the geometry. There are several 
other related topics that must be understood to apply the method correctly. These 
will not be discussed here, and the reader may consult the literature for descriptions 
of X-ray tubes and power supplies [12], the excitation of fluorescence spectra [13], 
the use of counter tubes and pulse amplitude discrimination [10, 14-16], and 
intensity measurements and counting statistics [17,18]. Some papers have been 
published on specimen preparation |19, 20] and multi-channel analysis and produc- 
tion control equipment [21-23], but a complete description of crystal mono- 
chromators for this application is lacking. 

In most applications of X-ray fluorescence, relatively high intensities with 
moderate peak-to-background ratios and resolution are required. The intensities 
determine the speed and precision with which the analyses can be made, while the 
resolution determines the accuracy and the complexity of the problems that can be 
undertaken. Since increased resolution usually causes a loss of intensity, it is 
necessary to know the amount of resolution required. Only enough resolution is 
required to permit a sufficient separation of adjacent lines to allow the measurement 
of the intensities and background, and this can often be determined from a pre- 
liminary ratemeter scan. A survey of the Cauchois-Hulubei X-ray wavelength 
tables |24] and of data on widths and intensities of spectral lines [3, 4] shows that 
with the exception of possibly a dozen cases there is little point in having resolution 
greater than that required to partially resolve the Ka doublet. In many of these 
unusual cases even the highest resolution spectrographs available could not give 
the resolution required for complete separation and there would be a large loss of 
intensity. A large portion of the spectral lines which might interfere with a given 
analysis under conditions of moderate resolution are higher order reflections of high 
atomic number elements. These may often be eliminated by using crystals without 
second- or third-order reflections or higher dispersion [10], the use of energy sensitive 
detectors such as scintillation or proportional counters with pulse amplitude dis- 
crimination [14], special selective filters and other methods. Moreover, in most 
routine analyses it is often possible to use other lines to avoid measuring over- 
lapping lines. 


[7) H. FrrepMan and L. 8. Brrxs, Rev. Sci. Instr. 19, 323 (1948). 

8! J. Despuso ts, J. phys. radium 13, Suppl No. 2, 31A (1952). 

L. S. Brr«s, E. J. Brooks and H. FrrepmMan, Anal. Chem. 25, 692 (1953). 

[10) W. Parrisn, Philips Tech. Rev. 17, 269 (1956). 

[11] W. J. Camppecy, M. Leon and J. Tuarcner, Proc, Sixth Annual X-ray Conf., Denver Res. Inst., 
1957, p- 193. 

2) N. Spreceerc and M. Mack, Norelco Reptr. 5, 109 (1958). 

3) N. SprecperG, Philips Research Repts. 14, 215-236 (1959). 

W. Parrisu and T. R. Kouver, Rev. Sci. Instr. 27, 795 (1956). 

|C,. F. Henper, 8S. Five and W. B. Brown, Rev. Sci. Instr. 27, 531 (1956). 

6| P. H. Dow C. F. Henver, T. R. and W. Philips Tech. Rev. 18, 262 

(1956-1957). 

(17) W. Parrisu, Philips Tech. Rev. 17, 206 (1956). 

18} M. Mack and N. Spre_perc, Spectrochim. Acta 12, 169 (1958). 

19) 1. Apter and J. M. Axe.rop, Spectrochim. Acta 7, 91 (1955). 

20) E. L. Guns, Anal. Chem. 29, 184 (1957). 

1. Apter and J. M. Axe ron, J. Opt. Soc. Am. 43, 769 (1953). 

{22) J. W. Kemp, M. F. Hasier, J. L. Jones and L. Zerrz, Spectrochim. Acta 7, 141 (1955). 

[23 D. Mi LER, Norelco Reptr. 4,09 (1957) 

(24) Y. Caucnors and H. Hutuses, Longeurs d’'Onde des Emissions X et des Discontinuités d’ Absorption 
X. Hermann, Paris (1947). 
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The X-ray fluorescence spectrograph requires a relatively large specimen, say 
> 10 mm*. Fig. | is a schematic drawing showing the important X-ray optical 
elements. To facilitate descriptions an orthogonal co-ordinate system is used. The 
equatorial plane (X Y) in the spectrograph may be horizontal (e.g., General Electric) 


‘CRYSTAL 


(a) 


AXIS OF ROTATION 


| 


-— —R, 


(b) 


Fig. 1 Schematic drawing of X-ray, optical elements for non focusing spectrograph A 
svstermn i shown a) equatorial plane; (b) axial plane 


rectangular co-ordinate 
D, chaphragms Soller collimators: é, angle of incidence on specimen of 
central ray from X-ray tube focal spot to center of specimen; wo, angle of view ot specimen 
trograph; a, equatorial divergence: 8. axial div: rgence; 6, Bragg angle: O. axis 
sta R,. distance from center of specimen to O; R,, distance 


in practice SS, or SS, and SS, 


by spe 

of rotation of analyzing eT 

from J), to O. In this drawing « is shown determine d by SS, ; 
together may determine a 


or vertical (e.g. Philips) and the axial plane (YZ) is normal to it. Z is parallel to 


the axis of rotation O which is common to the goniometer and crystal monochromator. 


The focal spot of the X-ray tube is ty pically about 5 by 10 mm and is viewed at 


a nominal angle of about 20°. The focal spot is several times wider than that used 


in powder diffractometry and permits a corresponding increase in total power for 
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the same specific loading. This is possible because the tube is used only to irradiate 
the specimen and it does not enter directly into the spectrometer geometry. 

The goniometer automatically rotates the arm carrying the detector at twice 
the speed of the crystal monochromator so that the conditions imposed by the 
Bragg equation are met at all diffraction angles. Mis-setting of this 2:1 relationship 
or inexact tracking may cause errors in the intensity measurements and distortions 
of the line profiles. If only one Soller collimator is used, the SS, position is preferred 


because it makes the 2:1 tracking less critical. 


2. Source geometry 

The source consists of the X-ray tube and the specimen which it excites to 
produce characteristic X-ray fluorescence. For a given X-ray tube and specimen, 
the geometry plays a dominant role in determining the intensity. It is not obvious 
how to select the optimum geometry because there are several interrelated factors 
that must be determined simultaneously and there are other limitations imposed by 
the dimensions of the X-ray tube and specimen. A further limiting factor is the 
dimensions of the optical system of the spectrograph which will be described in 
Section 4. Although it is not possible to optimize all these factors, we will describe 
the role each plays and show the types of compromises that are feasible in the 


selection of the source geometry. 


2 Y 


Fig. 2. Source geometry. 7’. center of X-ray tube focal spot; S, center of specimen; A, 
perpendicular distance from center of focal spot to specimen surface; I,, maximum solid 
angle of radiation passing through X-ray tube window; I,, solid angle of radiation incident 
on specimen, as determined by diaphragm. 


For given conditions of X-ray tube operation the maximum available primary 
intensity is determined by the solid angle of radiation passing through the X-ray 
tube window I’, as shown in Fig. 2. In practice the smaller effective solid angle I, 
is used because of limitations in the size of the specimen or collimator. In the 


figure, 7’ is the center of the focal spot, S the center of the specimen, and 7'S is 


co-linear with the central ray of the cone of radiation emitted by the tube. Although 
the focal spot is relatively large and the specimen to focal spot distance 7'S is small, 
the inverse square law is still effective. Consequently, it is necessary to minimize 
TS particularly in cases where the specimen is small. At the same time the specimen 
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must be far enough away from the X-ray tube to allow taking off the minimum size 
of fluorescent beam without the X-ray tube or diaphragm cutting it off. Since 
it is desirable to minimize the X-dimension of the fluorescent beam in order to keep 
the dimensions of the Soller collimator and detector window small, this involves 
the J-angle as well as the mechanical dimensions of the tube and housing. The 
y-angle is further involved because the intensity increases with ~ as will be 
shown later. 

There are four general possibilities depending on the various combinations of 
large and small values of ¢ and & and these are illustrated schematically in Fig. 3. 
Consider first the effects of decreasing ¢: (1) If the specimen is smaller than the size 
required to intercept all of T’,, [’, will decrease with decreasing ¢ (Fig. 3(a)) and the 


4 
r 
t 
Li iA 
- 
rt 
4 
>. 
(a) (b) (c) 


Fig. 3. Possible arrangements of source geometry: (a) small specimen, angle of view 
y% constant; (b) large specimen, angle of view ~% constant; (c) large specimen, angle of 
incidence constant. 


intensity will decrease accordingly. (2) For small specimens the nominal distance 
between specimen and X-ray tube will have to be increased, and thus the intensity 
will decrease because of the inverse square law. (3) If % is small (and fixed) a longer 
specimen will be required to intercept [', (Fig. 3(b)); (4) the illuminated specimen 
length projected upon X will increase. When ¢ is greater than about 45°, it has no 
first-order effects on self-absorption in the specimen. Considering all these factors, 
then, it is desirable to use a large ¢ angle, of the order of 75°. 

The projected length of the specimen on X decreases with w (Fig. 3(c)) and it 
would be attractive to make this small to reduce the widths of the collimator and 
detector. However, fluorescent sources have a low inherent brightness compared 
to direct electron-excited X-ray sources [25] and the self-absorption increases with 
decreasing ys at a rate dependent on the absorption coefficients as described below. 
It is therefore necessary to compromise in the selection of the 4 angle and to confine 
the range from about 30° to 60°. 


(25) W. Parrisu, K. Lowrrzscu and N. Spre_pere, Acta Cryst. 11, 400 (1958). 
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Since none of the factors mentioned changes very rapidly with change of ¢ ory angle, 
as can be seen from Figs. 3 and 5, it is desirable to make drawings to scale for the 
particular conditions that exist in order to arrive at a good geometry. If the collimator 
dimension is fixed, one can start from this dimension and determine the ¢ and y angle 
required to utilize the maximum solid angle of radiation. It should be borne in 
mind that ¢ and especially y% must be made as large as possible for optimum 
performance. 

The specimen area irradiated by I’, is usually larger than can be utilized by the 
spectrograph. If parts of the primary beam strike the specimen holder or container, 
the scattered background will be increased and there is also the possibility of detect- 
ing elements not present in the specimen. The addition of a diaphragm D, to limit 


Fig. 4. Contour map of intensity of irradiation of specimen surface. Machlett OEG-50T 
X-ray tube, 6 =67°, A=1-2 in. Area between dotted lines lies in penumbra. 


the primary beam to the useful specimen area is advisable, even if it slightly increases 
the specimen-to-X-ray tube distance. 

The specimen surface is not uniformly irradiated. The intensity of primary 
irradiation /(¢,;) of any point i on the specimen is 


= J, sin (1) 


where J, is the flux per unit solid angle emitted by the X-ray tube, ¢; is the angle 
between the specimen surface (at that point) and the line to the center of the focal 
spot 7’, and A is the perpendicular distance from the surface of the specimen to 7' 
(Fig. 2). A penumbra results from the finite focal spot size because points on the 
periphery of a large specimen cannot see the entire focal spot. In addition, J,, increases 
rapidly from zero intensity at grazing emergence due to self-absorption in the target, 
and one side of the specimen sees the target at grazing incidence while the other side 
views it at about 40°. The net effect of these factors is an eccentric intensity distribu- 
tion. Fig. 4 shows contours of equal intensity drawn on a specimen for a typical 
vase using a Machlett OEKG-50T X-ray tube, ¢ = 67° and A = 1-2 in. The area 
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between the dashed lines lies in the penumbra. The data were obtained by calcula- 
tions and measurements using film placed at the specimen position. 

The flux per unit solid angle, J,, emitted by a smooth homogeneous specimen is 
greatly influenced by the absorption of the primary and fluorescence X-rays in the 
specimen. If y«,, and yp, are the linear absorption coefficients of the specimen for 
primary and fluorescence X-rays respectively, J, is given by 


constant 


where the constant involves the incident flux, the fluorescence yield, the specimen 
composition, photoelectric absorption coefficient, etc., but is independent of y& [13]. 
Fig. 5 shows normalized values of J, as a function of % for various values of 
(u,/u,) sind. When these are compared with the variation with of the corresponding 


J 


(arb units) 


20 40 60 
¥ 


Fig. 5. Flux per unit solid angle J, vs. angle of view ¢ for a fluorescence source for various 
values of the parameter (y,/4,)sin ¢. For comparison, the corresponding curve, J»(W), 
from an X-ray tube target is also shown. 


function, J,,, from an X-ray tube target, it is clear that the effects of self-absorption 
are much more important for the fluorescence radiation. The variation of (y,/4,) sing 
is determined largely by the variation of (u,/u,,) particularly when ¢ is greater than 
about 45°. Self-absorption thus becomes most serious for high values of (yu,/,) 
and this condition occurs primarily for specimen elements present in low concentra- 
tion or with absorption edges having wavelengths far from the irradiating primary 
wavelengths. 
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3. Single crystal, double-slit spectrometer 

The X-ray optics of the fluorescence spectrograph may be better understood by 
reference to the simple single crystal spectrometer [26, 27] with a pair of slits of the 
type shown in Fig. 6. The slits are equivalent to one section of a Soller collimator. 
The beam from the X-ray source is limited by a pair of slits S, and S,, and the full 
angular aperture a in the equatorial plane X Y is determined by their widths w,, w, 
along X, and separation s, along Y, 


(3) 


These slits may be on the same or on opposite sides of the crystal, but s, is always 
measured along the ray path. If more than two slits are present, only two of them 
determine «. 


CRYSTAL 


Sa 


Fig. 6. Schematic simple single crystal spectrometer. S,, S,, limiting slits. Solid lines show 
path of rays at crystal position (1) and dashed lines show path of rays at crystal position (2). 
The intensities corresponding to (1) and (2) are shown in the insert graph of the line 
profile. w,, line width at half peak intensity. 


The full angular aperture £ in the axial plane YZ (not shown in Fig. 6) is deter- 
mined by the heights of the slits h, and h, along Z, and their separation s, along Y, 


B = (hy +hg)/8,. (4) 


In practice the same slits are not necessarily used to limit both « and 8, and hence 


8, May not equal 8». 

To simplify the discussion of the effect of the geometry on the line shape and 
intensity, we will first assume a large uniform monochromatic X-ray source, a 
perfect crystal monochromator that has a very small rocking angle and strictly 
obeys the Bragg law, a wide detector of uniform sensitivity, and slit widths w, = w. 
In Fig. 6 the solid lines represent the incident and reflected beam at one Bragg 
angle @. As the crystal rotates about O other bundles of parallel rays, shown by the 


a 


[26] F. K. Ricutmyer, Phys. Rev. 26, 724 (1925). 
[27] ANon., Geometry of X-Ray Spectrometers. Unpublished mimeographed notes, Physics Dept., 
Cornell University (1935). 
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dashed lines, are reflected as they make the reflection angle 6. The crystal thus 


reflects parallel bundles of rays in sequence and thereby collimates the reflected beam. 


The recorded intensity at any crystal position is proportional to the width of the 
parallel bundle which in turn is determined by the inclination of the bundle to the 
central line of the defining slits. 


The peak intensity of the full recorded profile is proportional to w, or wy. The 


shape of the recorded line is an isosceles triangle whose base width is 2x and therefore 


the width at one-half peak height w, is equal to the angular aperture a measured in 


degrees of 24 (provided 8 is not too large) as shown in Fig. 6 (insert). The axial 


divergence 8 has a large effect on the intensity and a relatively small effect on the 


line shape. The amount of radiation from any point on the source passing through 


h, is proportional to the angle subtended by h, at h,, whereas the area of the source 


seen by h, is proportional to h,. Combining these factors with the effect of w, on 
the intensity 7’ we obtain 


(wy hy hg)/s,. (5) 


The small distortion of the triangular line shape caused by the axial divergence 
of the beam is dependent on 8 and the reflection angle. As 8 increases, the high 


2¢-side of the triangle is shifted toward higher angles causing an asymmetrical 
broadening. as shown by the dotted line in Fig. 6 (insert). The increase in width 
Aw, is given by 

Aw, = (8? sin 24)/16. (6) 
This expression is different from the one previously derived [27] only because of the 
use of different co-ordinates. It will also be noted that the broadening is smallest 
at small 2@ angles and increases with sin 26, whereas in powder diffractometry 


Table 1. Data for two-slit spectrometer* 


| | 

Cale. Obs. Cale. Obs. 

(im.) (in.) 20) (26) (arb. units) 

0-002 | 3°04 0-06 OLS 10 3 
| 1-07 | O12 0-21 | 10 7 
0-005 $-O4 O15 0-22 | 25 16 
0-005 | 1-97 0-29 0-41 25 21 
OO1O | 394 | 0-29 0-42 | 50 46 
| 197 | 50 52 
0-020 | 3-04 | 0-58 O78 | 100 100 
| 984 | 0-23 0-29 100 9] 
0-020 | 1294 | O18 023 | 100 46 


* Cu Ka, quartz monochromator (1011), two slits between source and crystal for all measurements 
except those in last two rows where second slit was between crystal and counter tube, 8 = 5-5". 


the lines are asymmetrically broadened toward smaller angles in the front-reflection 
region and toward larger angles in the back-reflection region [28]. 


In practice the previous expressions are correct only to a first-order approxima- 
tion because of the assumptions that were made. The peak intensity /’ is only 


28) E. R. Prxe, J. Sei. Instr. 34, 355 (1957). 
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approximately proportional to w, and independent of a while w, may be considerably 
greater than a, particularly at small values of a. Data for calculated and observed 
values of J’ and w, for a conventional two-slit spectrometer are given in Table 1. 
These data were obtained with a quartz crystal monochromator cut parallel to 
(1011) and Cu Ka radiation. The agreement at smaller values of « would be better 
if a correction was made for the 0-07° (26) separation of the unresolved lines of the 
CuKa, , doublet and the axial divergence 8 which adds about 0-015° (24) to w, for 
the experimental conditions used. 

To summarize: In the simple spectrometer the crystal acts as a collimator, the 
peak intensity varies with the linear aperture and the line width varies with the 
angular aperture. Increasing the apertures «a and 8 causes no shift of the peak 
positions but 8 causes a small asymmetry and shift of the centroid to higher angles. 


4. Collimator geometry 

SOLLER [29] described a collimator consisting of a number of parallel, equally 
spaced, thin lead strips. The angular range of reflection was determined by the 
length and separation of the strips. Two collimators were used in a Bragg ionization 
chamber spectrometer for powder diffractometry. A long collimator was placed 
between the X-ray tube and specimen, and a short collimator between specimen and 
ionization chamber. Sharp triangular-shaped lines were obtained from a large 
polycrystalline specimen and a relatively large X-ray source.* 

For convenience in construction, FRIEDMAN and Birks [7] used a box of thin-walled 
nickel tubes in their original instrument. The divergence was then limited in both 
the equatorial and axial planes by the length and diameter of the tubes. In the 
fluorescence spectrograph, limiting the axial divergence causes a large reduction of 
intensity without significantly improving the line shape, as was pointed out in 
Section 3, and hence the collimators with foils are preferable. 

In a Soller collimator, as already noted, each pair of adjacent foils is equivalent 
to the pair of slits in the simple single crystal spectrometer. The distance between 
the foils w is equivalent to the slit width along X, and the length of the foils / is 
The equatorial divergence « when using only one collimator is 


(7) 


equivalent to s 


a’ 


x = 2w/l. 


If two collimators are used either in tandem or on opposite sides of the crystal 
analyzer, « is obtained from equation (3), and s, is the distance along the ray path 


* One or two “Soller” collimators are used in modern X-ray powder diffractometers but for a 
different purpose [30, 31]. A long, narrow X-ray source (projected size about 10 by 0-1 mm) is used 
with a large flat specimen (about 10 by 20 mm) in a focusing arrangement. The foils are set normal 
to the focusing plane and limit the axial divergence to about 4-5”. Each set of foils reduces the intensity 
by a factor of about 2, but they make it possible to obtain good diffraction line shapes. Nonparallel 


(i.e. convergent) slit systems for focusing arrangements have been described by FRevet [32], DuMonD 
[33], VAND [34], and Lane [35]. 


[29] W. Souter, Phys. Rev. 24, 158 (1924). 
[30] W. Parrisn, Science 110, 368 (1949). 
[31] W. Parrisn, E. A. Hamacuer and K. Lowrrzscn, Philips Tech. Rev. 16, 123 (1954). 
[32] L. K. Frever, Rev. Sci. Instr. 8, 475 (1937). 

[33] J. W. M. Dumonp, Rev. Sci. Instr. 18, 626 (1947). 

[34] V. Vann, J. Appl. Phys. 19, 852 (1948). 
[35] A. R. Lane, Rev. Sci. Instr. 26, 680 (1955). 
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between the extreme ends of the collimators. The number of sections in the Soller 
collimator is W/(w+t) where W is the width of the full collimator parallel to X, and ¢ 
is the thickness of each foil. It is apparent that W must be as large as the projected 
size of the specimen along X to obtain maximum intensity. 

The shape of the reflection obtained with the full Soller collimator is the same as 
that obtained with any one section of the collimator or pair of equivalent slits. 
Experimental data on line shapes are summarized in Table 2 where the width w of 


Table 2. Effect of equatorial divergence of collimators* 


SS,t 


Line breadth§ 


(arb. 


w 


mOLO 29 (42 
| 0-58 74 


O15 0-32 
0-20 0-39 4! 45 
24 O47 | “57 35 
0-28 O49 | 35 


moos | O-O05 
OOS ml 
| oy 


| | 
| | 0-24 

| 

| 

| 


* Cu Ka, quartz monochromator (1011), 0-0007 in. thick nickel foil to absorb Cu AK8 radiation from 
specimen and scattered WL from X-ray tube. 
Collimators placed as shown in Fig. 1. In all cases /=4 in., t=0-002 in., W and h,=h,=  in., 
R,+ 13-4 in 


*a=2 w/ for SS,; a=(w,+w,)/s, for two collimators where «, = 13-4 in., the distance between the 


extreme ends. 
S width of line at l n of peak intensity. 
** Normalized values in arbitrary units. 
++ Normalized values. B is background intensity (with non X-ray background subtracted) at 1-5 
~8) above peak re flection angle. 


the lines at half. one-tenth and one-twentieth peak height is listed for various 
collimators. The first three rows of data agree within 10 per cent with calculations 
based on the data of Table 

The axial divergence 8 is given by equation (4). The limiting apertures 4, and 
h, along Z may be the specimen height, the Soller collimator boxes, the diaphragms 
D, to Ds, or the sensitive height of the detector, while the separation s, is measured 


Table 3. Variation of peak intensity with axial dimensions* 


| 
(calculated) 
highs (observed) 
(normalized) (normalized) 


53 
100 100 
79 s2 


*Cu Ka, juartz monoc fine collimator at SS,, with u &-O10in., /=4in., W =0-048 in., 


R, R, l 3-6 in 
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along the ray path between the extreme limiting apertures. Table 3 shows how the 
intensity changes by varying h,, h, and s,; there is good agreement between the 
valculated and observed values. 

The peak intensity J obtained with the Soller collimator spectrograph is the sum 
of the intensities obtained from each collimator section, 


lal’ Whyh, +t) (8) 


where J’ is the observed intensity obtained with the two-slit spectrometer given in 
Table 1. For the single collimator case illustrated in Table 2, increasing a by a 


100 


| 
| 
| 


Fig. 7. Normalized line profiles for three different collimator agreements. Cu Ka radiation, 
quartz (1011) analyzing crystal. (a) One collimator having w= 0-005 in., /=4 in., a=0-14°. 
(b) Two collimators each with w=0-005 in., 1/=4 in., a of combination = 0-04", 


factor of 4 increased J by a factor of only 2 while the peak-to-background ratio //B 
was greatly reduced (compare rows | and 3). The background B was always measured 
1-5° (26) above the peak reflection angle regardless of the line width, and hence 
1/B as used here is different from its conventional use. This special usage is helpful 
as an indication of the possibility of measuring a weak line in the vicinity of a strong 
line. 


|__| 
I 
(normalized) 
80 
|! 
| | 
: 
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| 
aco | 
(a). 
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If two Soller collimators are used as shown in Fig. | and both are effective in 
limiting « (i.e. « is determined from equation 3), there is a relatively small loss of 
intensity but a large improvement in line shape (and hence resolution) as shown in 
Fig. 7. The breadth is decreased and the tails are suppressed resulting in a large 
increase in //B as indicated in the last four rows of Table 2. However, the use of the 
two-collimator technique should be applied with caution for the following reasons: 

(a) The intensity is lower because « is reduced and there is some blocking of the 


beam due to slight misalignments of the two collimators. 


26 


Fig. 8. Spurious triplet resulting from use of two collimators having w = 0-020 in., /=4 in. 


(b) The relatively large separation between the collimators may permit some of 
the rays to cross over from one collimator section in SS, to an adjacent section in 
SS, and reach the detector. This is the reason for the surprisingly large value of «, 
obtained with two collimators, each with w = 0-010 in. as shown in the last row of 
Table 2. For the conditions used, when w was increased to 0-020 in. the line was split 


into a number of components as shown in Fig. 8. 

(c) The alignment of the two collimators relative to each other is critical and 
extremely sensitive to 2 : 1 tracking errors of the goniometer. 

If, however, one of the collimators has a sufficiently large w and small / so that a 
is determined primarily by the other collimator, these objections do not apply and 
the resulting line profile will have only a small loss of intensity with suppressed tails 
(compare row | with rows 5 and 6 in Table 2). It is possible to set up several figures 
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of merit for various collimator arrangements based on intensity and various aspects 
of the line shape as shown in Table 4. It is clear that the figures of merit are 
necessarily arbitrary and dependent upon the requirements of the particular analysis. 
The first three measures of the figure of merit do not discriminate very greatly among 


the several collimator arrangements, but the last two which include /? and B do. 
It is interesting that the use of two 0-010 in. collimators (last row) ranks high on all 


tive figures of merit. 


Table 4. Figures of merit for several collimator arrangements* 


NS SS | 


{in.) (in.) 
0-005 | None 100 | 90 | 90 5 | 45 
0-010 | None 100 | 100 100 7 (| 65 
0-020 | None 60 | 65 65 1 | 40 
O-O05 O-O05 SO | 0 75 100 75 
0-005 | OO10 S5 90 SO | 60 | 70 
0-005 | 0-020 75 | 75 75 50 65 
0-010 | | 100 95 | 75 100 
| 


* Based on data of Table 2. 


5. Collimator design 


The three major points that arise in the design of the Soller collimator are: 
(a) minimum foil thickness required to absorb radiation of all wavelengths used, 
(b) effect of total reflection, scattering, diffraction and fluorescence from the foils, 
(c) mechanical factors. 

The foils should absorb all rays making an angle greater than a/2 with the YZ 
plane. Such rays must pass through a thickness of foil material which is inversely 
proportional to their angle of incidence on the foil. However, all rays with angle of 
incidence greater than « must pass through at least two foils, and thus the minimum 
foil thickness ¢ traversed by any ray ist/«. If we assume that an attenuation factor of 
10% is equivalent to total absorption, the minimum foil thickness required is t = 6-9 
x/u Where yp is the linear absorption coefficient of the foil for the shortest wavelength 


to be used. Some representative values for several foil materials are listed in Table 5 for 


Table 5. Minimum collimator foil thickness* 


100 kV 
0-124 A 


5OkV 
0-248 A 


25 kV 
0-496 A 


Element 


Al 0-0013 0-0066 0-0120 0-0140 
Fe 0-0001 0-0004 0-0014 0-0022 


Ni + 0-0003 0-0009 0-0019 
Mo + 0-0001 0-0003 0-0005 
Ta + 0-0001 0-0001 0-0001 


* Minimum thickness of foil ¢ in inches to reduce intensity by a factor of 10° for a collimator with 
w=0-010 in. and s,=4 in. These values should be multiplied by 2 for w=0-020 in. and divided by 2 for 
w = 0-005 in. 

+ Less than 0-0001 in. 
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a collimator with w = 0-010 in. and s, = 4 in. for wavelengths corresponding to 25, 
50, 75 and 100 kV. Of course, in the region of the absorption edge of the foil element, 
p changes rapidly and this should be taken into account in designing collimators for 
special applications. 

Rays incident on flat, highly-polished surfaces at angles less than the critical 
angle for total reflection, ¢,, may be reflected with high efficiency and thereby increase 
the intensity and angular range of the tails of the lines. The formula for ¢, for a pure 
metal at wavelengths not in the vicinity of the absorption edge of the metal is given 
by classical dispersion theory [4]. 


= 2-32.10 A(pZ/M)* (9) 


where ¢, is expressed in radians, p is the density, Z the atomic number, M the 
molecular weight, and A the wavelength in centimeters. Equation (9) may be 
reduced to the useful form 


kr (10) 
where ¢, is expressed in degrees, k is a constant for a given metal and A is in 
Angstrom units. Values of k for some metals commonly used for collimators are: 
Al 0-15, Fe 0-25, Ni 0-27, Cu 0-27, Zn 0-24, Mo 0-28, Ag 0-29 and Pb 0-28. Thus ¢ 
is a small fraction of a degree at short wavelengths and may become significantly 


c 


larger at the longer wavelengths beyond | or 2 A. The efficiency of total reflection is 
not 100 per cent and changes rapidly in the vicinity of the absorption edge and from 
one element to another [36]. 

In actual Soller collimators total reflection is decreased because the foils are not 
sufficiently flat and may lack a high polish. Fig. 9 compares line profiles obtained 
with Cu Aa radiation using (a) a pair of ground steel machinist’s parallels, (b) a full 
Soller collimator, and (c) a pair of slits; in all cases s, = 4 in., w = 0-010 in., and the 
nickel foils of the Soller collimator were 0-002 in. thick. The profile obtained with 
the parallels has considerably larger tails and is broader than the profiles obtained 
with the slits and Soller collimator. The latter two profiles are practically identical. 
Since the slits had only a narrow band of metal exposed to the beam and hence 
practically no total reflection, it may be concluded that the total reflection was of no 
practical importance for this particular foil stock. The experiments were repeated 
with TiAa radiation using various values of s, and w and the same results were 
obtained. If extremely flat foils with a good surface finish are used for the Soller 
collimators, and analyses made at longer wavelengths, the total reflection may 
influence the profiles and perhaps introduce a systematic error in the intensity 
measurements. The surfaces of the foils may then have to be roughened by etching 
and or sand blasting, or by coating with a thin layer of granular material. 

The other sources of spurious radiation, scattering, diffraction and fluorescence 
from the foils, are usually too small to be of practical importance. The rolled metal 
foils have a high degree of preferred orientation and hence simulate a single crystal. 
However, the diffraction angles are too large to affect the results obtained with 
instruments of the resolution considered here. If the largest d-spacing of the metal is 
assumed to be 5 A, the Bragg angle @ is 5-7 A degrees. A rough calculation also 


(36) B. L. Henke and J. W. M. Dumonp, J. Appl. Phys. 26, 903 (1955). 
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shows that the X-ray fluorescence intensity from a Soller collimator with nickel foils 
is about 10~° that of a pure nickel specimen. 

More serious difficulties arise from mechanical flaws in the collimator assemblies 
which may have a marked effect on the performance of the spectrograph. There may 
be partial blocking of some of the sections due to warp, sag and burrs of the foils, 
which results in loss of intensity. The width w and thickness t may vary from top to 


100 


26.5 270 275° 
26 


Fig. 9. Effect of total reflection on line shape for Cu Ka radiation. Quartz (1011) analyzing 
crystal, with a=0-14°. (a) Simulated collimator, made up of machinist’s parallels. 
(b) Full Soller collimator. (c) Simple pair of slits. 


bottom of the collimator owing to non-flatness and non-uniformity of the spacer strips, 
as well as the foils, and cause line broadening. If the foils at the top of the collimator 
are not parallel to those in the middle and bottom, the peak intensity of the radiation 
passing through the collimator will not reach the detector at the same angular 
positions of the analyzing crystal and the resultant broadening will also cause a small 
shift of the line. The degree of parallelism required is dependent on the resolution. 
If the peak intensities from all sections of a collimator with w = 0-005 in. and s, = 4 in. 
are to coincide within 0-02° (24), the cumulative non-uniformity of all foils and 
spacers must be less than 0-0001 in. per in. of /. To avoid systematic errors in the 
stacking of foils and spacer strips that have slightly different thicknesses at either 
end, the direction of successive foils and strips should be reversed. 

The uniformity of Soller collimators may be tested in the X-ray fluorescence 
spectrograph using a wide fluorescence specimen as a source, and the analyzer 
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crystal and detector in fixed positions for the radiation used, as shown in Fig. 1; 
D,, D,, Ds and SS, are not used. The collimator to be tested is placed in the SS, 
position and is translated slowly in the X-direction by a motor-driven precision 
shaft and sleeve and the intensity recorded with a ratemeter in the usual manner. 
A fixed diaphragm D, insures that the same parts of the source, crystal and detector 
are used for all sections of the collimator. The width (dimension parallel to X-axis) 
of D, determines the number of collimator sections examined at one time and should 
not be greater than about seven sections to avoid averaging out the irregularities of 
the individual sections. The smaller the width of D, the greater the detail that can 
be recorded, but the intensity is correspondingly reduced. Some typical recordings 
are shown in Fig. 10 for a poor and fairly good collimator with w = 0-005 in., 
s, = 4 in., t= 0-002 in., D, width = 0-046 in., and CuXKa radiation. The small 
individual peaks occur when the individual foils cross D, and the peak-to-peak 
distance thus corresponds to 0-007 in. The distance between the zero intensity 
positions on both sides of the chart corresponds to W of the collimator, which 


was 2 in. 


Fig. 10. Collimator uniformity. (a) Poor collimator. (b) Fairly good collimator. 
& 


6. Other geometrical factors 

In the non-focusing spectrograph there is a very large loss of intensity from the 
specimen because only a relatively small solid angle of the fluorescent radiation can 
be utilized in the X-ray optical system. It is therefore essential to design the optics 
to make the most efficient use of the maximum size beam. This involves many 
interrelated factors which cannot be easily separated into their individual roles, 
Moreover, the requirements for one type of analysis may be quite different from 
those of another and it may be desirable to have available an instrument whose 
parameters may be varied to suit the requirements of a particular problem best. 

In this non-focusing geometry the specimen-to-crystal-to-detector distances R, 
and R, do not have to be equal. If these distances are minimized, considerable 
increases in intensity will result from the decrease in s, and reduction of air absorption 
losses. In presently available equipment the shortest R, is of the order of 6} in. 
using a 1} in. specimen, 4 in. SS, collimator and 3 in. crystal. It is not desirable to 
reduce the collimator length and still maintain the same aperture a, because of the 
loss of intensity caused by the thickness of the additional foils. If a second collimator 
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SS, is not used, R, may be reduced by bringing the detector close to the crystal. 
This was done in an experimental spectrograph and the increase of intensity agreed 
with what was expected from calculations: R,+ R, was decreased from 13-8 in. to 
9-3 in. by moving the detector closer to the crystal, which should increase the 
intensity by a factor of 1-5 (equation 8). The decreased air path should give a gain 
of a factor of 1-15 for Cu Ka and 2-25 for Ti Ka. Combining these two factors should 
result in an increase of intensity by a factor of 1-7 for Cu Ka and 3-4 for Ti Ka, and 
the measured increases were 1-6 and 3-1, respectively. 

The cross-section of the beam incident on the crystal analyzer and detector may 
be limited by the dimensions of the Soller collimator boxes or preferably by additional 
diaphragms D, to D;. The latter also serve as anti-scatter apertures and may 
significantly reduce the background. Consider the equatorial plane, a small specimen 
and the monochromator in the Bragg reflecting position for one wavelength. Other 
wavelengths from the specimen are also scattered by the crystal and the detector 
intercepts a portion of these, thus increasing the background. By adjusting the 
X-dimension of D, to match that of D, or D,, the amount of this background radia- 
tion reaching the detector is minimized without reducing the intensity of the line 
being measured. To reduce the unwanted scattering in the axial plane, D, and D, 
may be used to limit the radiation striking the sides of the crystal holder and D, to 
limit the Z-dimension of the crystal that can be seen by the detector. 

The crystal analyzer dimensions must be lerge enough to intercept the incident 
beam at all reflection angles. If it is not, the relative intensities of the lines cannot be 
compared directly and there may be scattering from the ends of the crystal holder. 
The width of the crystal illuminated in the Z-direction is the same at all angles, but 
the crystal length illuminated, L, increases with decreasing @ according to the 
approximate relation 

L = W/sin 0 (11) 
where W is the width of the fluorescent beam parallel to X. W may be determined 
by SS,, diaphragms D, and D,, or in some cases by the projected size of the specimen 
and crystal along X. JL increases rapidly at small reflection angles and thereby 
limits the range of short wavelengths that can be measured. In a practical case with 
W = 8 in. and a crystal 3 in. long, the 2@-angle below which the fluorescent beam 
exceeds the crystal length, 26,,,.. is 24°. For the same W, the crystal length should 

be 4-8 in. to scan down to 15°(28@). 

There are several possibilities of decreasing 26,,.: (a) W may be decreased by 
decreasing the X-dimension of D, and/or D,, (b) use a crystal with smaller d-spacing 
or higher order reflections to increase the reflection angle, and (c) use a crystal in 
transmission (rather than reflection) with the reflecting planes normal to the major 
surfaces (see for example (33, 37]). Alternatives (a) and (b) cause a loss of intensity, 
while (c) poses a problem of selecting the optimum crystal thickness which should be 
of the order of 2/y for each wavelength measured to obtain maximum reflectivity. 
Since the selected thickness is optimum for only one wavelength, the intensity falls 
off at shorter wavelengths and at a greater rate for longer wavelengths. The use of a 
half-slit over the crystal at O does not help in reducing 28,,,,.. 


(37) Y. Caucnors, J. phys. 3, 320 (1932). 
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The size of the X-ray optical system is usually limited by the sensitive area of 
the detector. The sensitivity of the end-window area (about 2 em diameter) of the 
cylindrical Geiger counter is usually much lower around the periphery and the region 
of the central wire than elsewhere [30]. To obtain the largest intensity the Geiger 
counter should be oriented to utilize the maximum area of maximum sensitivity. 
In enlarging proportional counter windows, the geometry of the tube must be taken 
into consideration to avoid affecting the pulse amplitude distribution. A typical 
scintillation counter employs a @ in. square crystal and 1} in. diameter photomulti- 
plier tube. It has uniform sensitivity and pulse amplitude distribution over practically 
the entire area. Larger scintillation crystals and photomultiplier tubes may be 
assembled for larger beam sizes. 

The maximum reflection angle that can be measured is determined by the 
dimensions of the X-ray tube, specimen housing, goniometer radius and similar 
physical factors. In currently available commercial instruments the maximum 
angle is 125°-150° (26). For example, the longest wavelength that can be measured 
at 140° with a quartz monochromator cut parallel to (1010), d = 4-25 A. is 8 A. To 
increase the wavelength range it is necessary to decrease the dispersion by using 
crystals with larger d-spacings. Such crystals with high reflectivity for the longer 
wavelengths do not appear to be available at present although mica dz10 A, 
ethylene diamene ditartrate, d = 4-4 A, and ammonium dihydrogen phosphate 
d = 5-3 A, have been used. 


7. Conclusions 

The following conclusions may be drawn: 

(1) Practical fluorescence analysis requires maximum intensity but only moderate 
resolution sufficient to partially resolve the Ka doublet at moderate reflection 
angles. 

(2) The source geometry plays a major role in determining the intensity. The 
distance between specimen and primary source should be minimized. the @ angle 
should be about 75°, and the % angle should be at least 30°60 

(3) The introduction of a limiting diaphragm between source and specimen 
(even though it slightly increases the specimen to source distance) for use with small 
specimens, and four additional diaphragms to serve as anti-scatter apertures in the 
X-ray optical path are desirable to minimize the background. 

(4) The peak intensity is dependent on the linear aperture W (which determines 
the width of the beam parallel to X) and to a lesser extent on the angular aperture « 
of the Soller collimators in the equatorial plane, while the resolution depends strongly 
on a. In the axial plane, the aperture 8 should be made as large as possible because 
it has a first order effect on intensity and a minor effect on line shape. 

(5) The 4 in. long Soller collimator with 0-010 in. spacing (a = (0-29°) rates higher 


than the 0-005 in. and 0-020 in. spacings in various figures of merit based on intensity, 
peak-to-background ratio and line shape. 


(6) The use of two collimators causes a reduction of intensity but greatly improves 
the resolution and suppresses the tails of the lines. However, if both collimators are 
identical, care must be used in their application to avoid line splitting, and the 2 : 1 
goniometer tracking becomes critical. 
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(7) Total reflection below the critical angle for presently available foils does not 
appear to contribute significantly to line shape for wavelengths below about 2-75 A, 
but at longer wavelengths it may become important and require special treatment of 
the foils. 

(8) Soller collimator assemblies should be checked and a simple method is 
described for doing this. 

(9) Reducing the X-ray optical path length increases the intensity without 
decreasing the resolution. 


(10) For relatively large specimens (say 1} in. diameter) the sensitive area of the 
detector should be made sufficiently large to permit the use of correspondingly large 
dimension collimators, which will result in increased intensity with no loss of 
resolution. The larger sensitive area is also desirable to intercept more of the 
radiation in the axial plane. 


Acknowledgement—We have had some discussion with Dr. 8. WytzeEs of Philips, Eindhoven, on 
the question of total reflection from the collimator foils. 
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Abstract—8-Quinolinol and several substituted 8-quinolinols, which are ordinarily non- 
luminescent under monochromatic excitation at room temperature, exhibit intense fluorescence 
in concentrated sulfuric acid. By varying the sulfuric-acid concentration, by resorting to other 
anhydrous media, and by considering the fluorescence of many 8-quinolinol chelates, appearance 
of fluorescence in 8-quinolinols was shown to result from tying up the n-electrons on the nitrogen 
by protonation or chelation, provided quenching agents were absent. 


Introduction 


Ix analytical chemistry 8-quinolinol is known for its reactions with most metallic 
cations to form chelates [1]. The latter are subsequently determined by various 
methods including fluorimetry. Fluorimetric methods are applicable owing to the 
fact that under ordinary conditions 8-hydroxyquinoline exhibits no fluorescence. 
while many of its metal chelates do. 

The reasons why certain organic compounds do not fluoresce while others do, 
have been the subject of several physical theories. The pre-dissociation theory, 
discussed in some detail by Foerster [2] states that no fluorescence will be observed 
if the exciting energy is high enough to break the weakest bond in the molecule. 
It easily accounts for the fact that fluorescence is mainly confined to resonance- 
stabilized z-electron systems, and is absent in saturated compounds. The pre- 
dissociation mechanism, however, cannot rationalize the non-fluorescence of several 
dye molecules which absorb at wavelengths long enough to eliminate any danger of 
dissociation. In general, only those dyes are fluorescent in which the aryl groups 
are doubly joined, resulting in ring closure [3]. 

The idea that structural rigidity of a molecule, which prevents vibrational 
motion of its different parts, can lead to fluorescence has been advanced by Lewis 
and Catvry [4]. In their theory quenching of fluorescence is a result of the internal 


conversion of the excess electronic energy into vibrational energy. The same 
phenomenon is viewed in a somewhat different manner by Forrster [5]. He 
suggested that the effect of ring closure is to bring about a planar configuration in 


* 8-Hydroxyquinoline, oxine. 


fl) R. C. W. HouurmesHeap, Orine and Ite Derivatives Vols. 1-IV. Butterworths, London (1954-1956). 

2) T. Foerster, Fluoreszens Organischer Verbinduiigen pp. 117-119. Vandenhoeck and Ruprecht, 
Goettingen (1951 

(3) T. Foerster, Fluoreszenz Organischer Verbindungen pp. 109-113. Vandenhoeck and Ruprecht, 
Goettingen (1051) 

G. N. Lewrs and M. Chem. Reve. 25, 273 (1039) 

5) T. Forrsrer, Fluoressens Organischer, Verbindungen pp. 120-122. Vandenhoeck and Ruprecht, 
Goettingen (1951) 
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both the ground and the excited states, thereby allowing radiative transitions 
between them. 

The triplet-state theory [6,7], which explains the phosphorescence of organic 
compounds on the basis of an indirect transition to an excited triplet state, accounts 
for quenching of fluorescence within certain molecules by the identical mechanism. 
A molecule in its excited singlet state can either revert directly to the ground state 
via fluorescence, or first undergo a radiationless intersystem crossing to a 
metastable triplet state. The latter case usually results either in a radiationless 
transition to the ground state, or in phosphorescence; fluorescence, as a rule, is 
eliminated. According to Kasna [8, 9] intersystem crossing is made possible through 
spin-orbital coupling. The latter is enhanced by the presence of heavy and para- 
magnetic nuclei, and by the proximity of the excitable electrons to such nuclei. 

Kasua [8] reported that compounds which contain non-bonding electrons such 
as the carbonyls and the N-heterocyclics have a much greater probability of 
phosphorescence than of fluorescence. The forbidden singlet—triplet crossing in the 
excited state, which leads to phosphorescence, is made possible by spin-orbital 
coupling resulting from the proximity of the n-electrons of hetero-atoms to the 
electric fields of their nuclei. 

Work in this laboratory on 8-hydroxyquinolines and their chelates [10, 11] has 
shown that, contrary to some literature reports [12, 13], the parent compound does 
not fluoresce at room temperature under the conditions of monochromatic excitation. 
OnNESORGE [10] was able to observe a faint fluorescence upon exposure of a 0-01 M 
alcoholic solution of 8-hydroxyquinoline to polychromatic exciting radiation. He 
observed intense luminescence under monochromatic radiation only in rigid solvents 
at liquid nitrogen temperatures. Several of the 8-hydroxyquinoline chelates, on 
the other hand, are fluorescent under ordinary conditions. The appearance of 
fluorescence in the chelates, as contrasted to the non-fluorescence of the ligand itself, 
has been attributed to the rigidity imposed by the ring closure in the process of 
chelation [10, 14], an interpretation which is merely an extension of the Lewis and 
Calvin theory. We questioned the applicability of this theory to the fluorescence 
phenomena in the 8-hydroxyquinoline family on the basis of the following observa- 
tions. In 8-hydroxyquinoline, the two rings of the quinoline molecule are, of course, 
perfectly rigid and coplanar, while the only “loose” part, the hydroxyl group, is 
known to exert no deactivating influence on the fluorescence of analogous hydroxy- 


naphthalene systems [15]. Eyrthermore, rigidity resulting from chelation does not 


always lead to fluorescence. For example, the 8-hydroxyquinolinates of copper, 
nickel, cobalt and manganese were found to be non-fluorescent [10]. 


‘61 G. N. Lewis and M. Kasaa, J. Am. Chem. Soc. 66, 2100 (1944). 

M. Kasna, Chem. Revs. 41, 401 (1947). 

[8] M. Kaswa, Discussions Faraday Soc. 9, 14 (1950). 

9) M. Kasna, J. Chem. Phys. 20, 71 (1952). 

(10) W. E. Onnesoree, Ph.D. Thesis, M.L.T. (1956). 

{11} O. Porovycn, Unpublished research, 

(12) J. pe Ment, Fluorescent Chemicals and Their Applications p. 189. ¢ hemical Publishing Company, 
Brooklyn, New York (1942) 

[13 P. Prainecsueim, Fluorescence and Phosphore scence Pp. 417. Interscience Publishers, New York (1949) 

{14 W. West, Chemical Applications of Spectroscopy Ch. VI. Interscience Publishers, New York (1956). 

[15] D. M. Hercuves and L. B. Rocers, Spectrochim, Acta 393 (1959). 
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It is apparent that the rigidity—planarity approach deserves, at most, only 
partial credit in the interpretation of the fluorescence phenomena in the 8 hydroxy- 
quinoline family, Because the pre-dissociation theory is also inapplicable, due to the 
low excitation energies involved, our investigation was directed first toward locating 
the n-> transition and then toward elucidating its role in fluorescence. 


Discussion 

Direct evidence for the presence of an n—z transition in 8 hydroxyquinoline was 
obtained using accepted criteria [8, 16]. A comparison of spectra in neutral and in 
max: Of the 
long wavelength band was reduced from 2600 in neutral solution to 1500-1600 in 
acid solution. This difference of 900-1000 is indeed the order of magnitude of an 
allowed n-—z transition. Later. Hercu es | 17] observed that the long wavelength 
edge of the 8-hydroxyquinoline bands in our spectra shifted blue more rapidly than 


0-1 N hydrochloric acid solutions showed that the absorbancy index, a 


the whole band in solvents of increasing polarity. Hence, the most probable 
explanation for the quenching of 8-hydroxyquinoline fluorescence seemed to be the 
triplet-state theory as applied to molecules containing n-electrons [8]. Conversely, 
the appearance of fluorescence in chelates would be the result of tying up the 
n-electrons, which eliminates the n—z transition and, consequently, the entire 
quenching mechanism. 

Since intersystem crossing (singlet-triplet) is enhanced by the presence of para- 
magnetic atoms in a molecule [8], it is further quite understandable why the chelates 
of the transition metals cited above (manganese, cobalt, nickel and copper) are non- 
fluorescent, in spite of tying up the n-electrons. Also, luminescence of 8-hydroxy- 
quinoline at liquid-nitrogen temperatures can be explained in one of the following 
two ways: If intersystem crossing is prevented in the rigid glass (because of insufficient 
collisional deactivation), the observed radiation is fluorescence: if crossing does occur, 
the radiation is phosphorescence (of short lifetime) from the excited triplet 
state. 

There was, however, one “missing link”, which initially had made the triplet- 
state explanation unacceptable. If all that was necessary for fluorescence was the 
tying up of n-electrons on the nitrogen, why were 8-hydroxyquinolines non-fluorescent 
in dilute (0-1 N) aqueous acids? The following discovery supplied the answer. 

Solid 8-hydroxyquinoline, dissolved in concentrated sulfuric acid. immediately 
exhibited intense visible fluorescence. Similarly, intense fluorescence was observed 
from 8-hydroxyquinoline-5-sulfonic acid, 2-methyl-8-hydroxyquinoline, and 5:7- 
dichloro-8-hydroxyquinoline; weak fluorescence, from the 5-amino-8-hydroxy 
quinoline. 

The high acid concentration and increased viscosity could not account for the 
observed fluorescence because §-hydroxyquinoline solutions in 12 N hydrochloric 
acid as well as in 85°, phosphoric acid* failed to show any emission. Sulfonation by 
the cold concentrated sulfuric acid could not be the cause of fluorescence because 


* Actually a very faint emission was observed visually when a large volume of the solution was 
excited by polychromati« light. 


{16} J. R. Prarr, J. Opt. Soc. Am. 48, 252 (1953). 
[17] D. M. Hercures, Private communication. 
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the product of sulfonation, 8-hydrox yquinoline-5-sulfonic acid, is itself not fluorescent 
in water. In addition, concentrated sulfuric acid brings about the immediate 


fluorescence of 5:7-dichloro-8-hydroxyquinoline, where the two active positions are 


blocked from substitution. Besides, sulfonation is known to have little influence 
on absorption and fluorescence spectra. No changes other than immediate protona- 
tion and gradual slow sulfonation were found to accompany the dissolution of 
8-hydroxyquinolines in sulfuric acid. Thus, when accurately weighed amounts of 
8-hydroxyquinoline and of its 5:7-dichloro-derivative were dissolved in sulfuric acid 
and, immediately after dissolution, diluted to known volumes with cold water, 
the absorption spectra of the resulting solutions were identical with the spectra 
of the corresponding compounds in dilute aqueous acids. However, a 24 hr old 
solution of 8-hydroxyquinoline in sulfuric acid, upon dilution with water, proved 
to be a solution of 8-hydroxyquinoline-5-sulfonic acid. 

Protonation of oxygen as the cause of fluorescence was ruled out by parallel experi- 
ments performed on unsubstituted quinoline and |-naphthol in concentrated sulfuric 
acid. While naphthol experienced no rise in fluorescence, the fluorescence intensity 
of quinoline increased by a factor of 15 in going from dilute aqueous acid to concen- 
trated sulfuric acid. Also, the fact that 8-hydroxyquinoline became fluorescent in 
the weakly acidic fluoroalcohols, discussed in the next paragraph, seemed to eliminate 
protonation of oxygen as the cause of fluorescence. All of the above evidence 
indicated that protonation of nitrogen was solely responsible for fluorescence and 
that any further investigation should be directed at the almost-anhydrous nature of 
concentrated sulfuric acid. 

Dilution of fluorescing sulfuric-acid solutions with water caused exponential 
reduction in fluorescence reaching the negligible value of 1°, in 24 N sulfuric acid. 
Conversely, 8-hydroxyquinoline was made fluorescent in phosphoric acid when the 
latter was dehydrated with phosphorus pentoxide.* Furthermore, 8-hydroxy- 
quinoline was fluorescent in the weakly acidic 1H: 1H:3H-tetrafluoro-1-propanol and 
1H:1H:5H-octafluoro-l-pentanol. Solid 8-hydroxyquinoline exhibited intense 
fluorescence when brought in contact with a solution of anhydrous hydrogen chloride 
in benzene. No appreciable fluorescence, however, was observed when a solution of 
8-hydroxyquinoline in absolute ethanol was treated with anhydrous hydrogen 
chloride. 

The fluorescence behavior of quinoline under the above conditions provides 
valuable insight regarding the importance of the hydroxyl group in quenching. 
Quinoline, like 8-hydroxyquinoline, fluoresced strongly in concentrated sulfuric 
acid but, in contrast, retained as much as 65°, of its intensity in 24 N, and 4°, in 
0-5 N acid. Furthermore, it fluoresced in 85°, phosphoric acid. (On the other hand, 
quinlinium ion was much more sensitive to halide quenching. It failed to fluoresce 
in any concentration of hydrochloric acid or in 48°, hydrobromic acid, whereas 
8-hydroxyquinoline in tetrafluoropropanol was significantly quenched only by 


* According to a recent communication [18] the addition of phosphoryl chloride enhances the 
fluorescence of steroids in concentrated sulfuric acid. In the opinion of the authors this enhancement 
is probably caused by the dehydrating action of phosphoryl! chloride. 

[18] J. C. Toucusrone, R. A. Ketsman, A. F. Marcantonio and J. W. Greene, JR., Anal. Chem. 30, 
1707 (1958). 
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2 M potassium iodide but not by sodium chloride.) Thus, the 8-hydroxyl made the 
molecule much more susceptible to quenching by water. 

From the above results we conclude that protonation of the quinoline nitrogen 
is sufficient cause for fluorescence in the 8-hydroxyquinoline family, provided that 
no external quenching effects are operative. Water acts as a major quenching agent 
in the otherwise fluorescent acidic solutions of the 8-hydroxyquinolines. In tetra- 
fluoropropanol, 33°, water quenched fluorescence entirely. At the same level of 
concentration glacial acetic acid and ethanol reduced fluorescence by 24% and 40%, 
respectively. Acetone on the other hand, was found not to exhibit any quenching. 
Furthermore, diethyl ether actually raised the fluorescence of the tetrafluoropropanol 
solution by about 50°%,, indicating that the fluoroalcohols themselves exert a quench- 
ing influence. 

Quenching by water did not come as a surprise: we had found previously {11] 
that the fluorescence efficiency of the zine chelate of 8-hydroxyquinoline-5-sulfonic 
acid in water was less than its efficiency in dimethylformamide by a factor of from 
5 to 10 (depending on pH). The mechanism of water quenching involves primarily 
solvation of the hydroxylic oxygen via hydrogen bonding with subsequent energy 
dissipation through these bonds. The protonated nitrogen is affected to a much 
lesser degree, as shown by the substantially smaller quenching of quinoline. As 
indicated earlier, water is the most powerful quencher but other hydroxylic solvents 
seem to exhibit similar quenching. 

Our work in concentrated sulfuric acid and in other anhydrous media leads to 
the conclusion that elimination of the n-7 transition in 8-hydroxyquinoline by 
means of either chelation or protonation enables fluorescence to appear, provided 
quenching from other sources is absent. 


Results 
Table | shows some of the more important absorption results in concentrated 
sulfuric acid and compares them with the corresponding data obtained earlier [11] 
in dilute aqueous hydrochloric acid. Both from this table and from the spectra in 
Fig. 1 it can be seen that the action of concentrated sulfuric acid introduces no drastic 


changes in the near-ultraviolet bands of the 8-hydroxyquinolines. The observed 


changes are probably a result of protonation of the hydroxylic oxygen, and, in some 
cases, of the slow sulfonation. 

Compounds which do not sulfonate (5:7-dichloro-8-hydroxyquinoline and 
5-amino-8-hydroxyquinoline) show very little change in their absorption and 
fluorescence spectra in going from aqueous acids to concentrated sulfuric acid, even 
after standing 24 hr in this medium (see Tables 1, 2 and Fig. 2). On the other hand, 
compounds which sulfonate (8-hydroxyquinoline and its 2-methyl and 5-sulfonic-acid 
derivatives) experience a slow rise of absorbance and of fluorescence with time owing 
to sulfonation. Thus, after 1 hr, the spectra of an 8-hydroxyquinoline solution are 
identical with those of its sulfonic-acid derivative freshly dissolved in sulfuric acid. 
The 5-sulfonic acid itself shows only a slow intensification of bands with time, 
probably owing to sulfonation in position (7). 

Fluorescence spectra of the 8-hydroxyquinolines in concentrated sulfuric acid 
consist of single structureless bands with fairly broad maxima. Sample spectra are 
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Fig. 1. Absorption spectra of 8-hydroxyquinoline in concentrated sulfuric acid and 
in aqueous hydrochloric acid (a=absorptivity): H,SO,, 24 hr ; H,SO,, 1 hr 
; H,SO,, 5 min ; 0-1 N HCI, aqueous —--, 


Table 1. Absorption maxima of oxines in concentrated sulfuric acid 
and in aqueous hydrochloric acid 


| | 
Solution Time* J max Pmax | log Gmax 
(my) (em~*) 
Oxine in 0-1 N HC! Indep. | 308, 319, 357 | 32,500; 31,400; 28,000 | 3°17; 3-19; 3-20 
Oxine in H,SO, 5 min | 314¢ 347 31,800; 28,800 3°42; 3-25 
lhr | 314 345 31.800; 29.000 3-50: 3-47 
24hr | 314 345 | 31,800; 29,000 | 3-53; 3-53 
Oxine-5-sulfonic acid in 
O-1N HCl Indep. 307, 319, 355 | 32,500; 31,400; 28,200 | 3-28; 3-34; 3-44 
Oxine-5-sulfonic acid in | 
H,SO, 5min | 314¢ 345 31,800; 29,000 | 3-49; 3-48 
1 hr 314 345 31,800; 29,000 | 3°50; 3-50 
24 hr 314 345 31,800; 29,000 | 3-53; 3-52 
2-Methyl-oxine in 
0-1 N HCl Indep. | 310, 321, 347 | 32,300; 31,200; 28,300 | 3-44; 3-50; 3-22 
2-Methyl-oxine in H,SO, lhr | 318f 336 31,400; 29,800 3°76 
24 hr 318 336 31,400; 29,800 3°80 
5: 7-Dichloro-oxine in 
LN HCl Indep. | 317, 327, 367 | 31,600; 30,600; 27,200 | 3-18; 3-19; 3-36 
5: 7-Dichloro-oxine in 
H,S¢ ds Indep. | 317, 329, 377 | 31,600; 30,400; 26,500 | 3-19; 3-18; 3°36 
5-Amino-oxine in 
0-1 N HCl Indep. | 309, 320, 355 | 32,400; 31,200; 28,200 | 3-13; 3-17; 3-29 
5-Amino-oxine in H,SO, Indep. | 306, 318, 353 | 32,700; 31,400; 28,300 | 3-25; 9. 3-35 


* Time since dissolution. 
+ The most prominent of the three vibrational peaks. 
t The long-wavelength maximum, partially hidden by this band, has been estimated from excitation 


data. 
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shown in Fig. 2 and the fluorescence maxima are listed in Table 2. The fluorescence 
efficiency (column 6), which takes into account the differences in absorption between 
the various solutions, was found to be approximately proportional to the quantum 
efficiency of fluorescence {19}. 


Table 2. Fluorescence maxima of oxines in concentrated sulfuric acid (4-00 x 10 +*M) 


Relative 
Compound Time* fluorescence Avs 
(my) (em~') Inten.+ (em~') 


Oxine 5 mm 485 20,600 33-6 S200 
1 hr 470 21,300 63-1 “ 7700 
24 hr 470 21,300 79-6 2: 7700 


Oxine-5-sulfonie acid | 5 min 470 21,3 79-3 95>! 7700 
l hr 470 21,3 7700 
24 hr 470 21,3 83-1 7700 


2 Methy l-oxine l hr 22, 55-6 SI-S 7700** 
| 24 hr > 59-2 7700 


5:7 Dichloro-oxine | Indep. ole 7100 


5-Amino-oxine Indep. 20,800 | “6 7500 
| | 
| 


* Time since dissolution in sulfuric acid. 
+ Quinine equivalents x 10. 


+ 


+ Intensity divided by the average fraction of radiation absorbed in the excitation interval (348-5— 
381-5 my) 

§ Energy difference bet ween absorption and fluorescence. 

** Estimated from excitation data. 


An excitation spectrum has shown that fluorescence of an 8-hydroxyquinoline, 
like that of its chelates, is primarily excited by the long wavelength band. Of special 
interest is the observed difference between the positions of the excitation and the 
absorption maxima. Although, ideally, they should coincide, our excitation peak 
for a 3-4 x 10-4 M solution of 8-hydroxyquinoline in sulfuric acid appeared at 380 my 
(26,300 cm~') compared with the absorption peak at 345 my (29,000 em-'). However, 
excitation maxima in more dilute solutions permitted an extrapolation to zero 
concentration which yielded the observed absorption maximum of 345 mp. The 
observed discrepancy between the corresponding absorption and excitation maxima 
in more concentrated solutions is the result of greater reduction in the intensity of 
exciting and emitted radiation as it traverses the strongly absorbing solutions. 

The excitation spectrum of 2-methyl-8-hydroxyquinoline in sulfuric acid was 
helpful in locating the long-wavelength absorption maximum, which is overlapped 
by the more prominent band at 318 my. From the observed excitation peak of 
355 my (28,200 em~') in a 2-0 x 10-4 M solution, and the known energy correction of 
1580 cm~! for the 8-hydroxyquinoline solution of the same concentration, the hidden 
absorption peak of the 2-methyl derivative was estimated to be at 29,800 em= 


19) D. M. Hercures, Ph.D. Thesis, M.I.T. (1957). 
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(336 my). Judging from the energy differences between the absorption and fluores- 
cence maxima in Table 1, this value appears to be quite reasonable. 

The negligible fluorescence exhibited by 5-amino-8-hydroxyquinoline is not 
understood. However, it has a precedent in the analogous 1: 4-naphthalenediol [19], 
which was found to be the exception among the highly fluorescent dihydroxy- 
naphthalenes. 

A (mp ) 
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Fig. 2. Fluorescence spectra of 8-hydroxyquinoline in concentrated sulfuric acid: 
30 hr ; lhr ; 5 min 


We should like to emphasize the two themes underlying our experimental data. 
One is the great spectral similarity between the 8-hydroxyquinoline chelates in a 
variety of solvents [10, 11] and the protonated ligands in sulfuric acid. The other is 
the observation that appearance and quenching of fluorescence in a given system is 
not necessarily accompanied by any major changes in its absorption spectrum. This 
latter argument is dramatically illustrated by the absorption spectrum of the 
fluorescing solution of 8-hydroxyquinoline in tetrafluoropropanol. Its peaks at 307, 
319 and 363 my correspond closely to similar peaks at 308, 319 and 357 my in the 
non-fluorescent aqueous hydrochloric acid solution. 

In conclusion, it is worth noting that the high fluorescence efficiencies of 
8-hydroxyquinolines in sulfuric acid (in favorable cases they exceed the efficiency of 
zine oxinate in chloroform by a factor of 3) present attractive analytical possibilities 
for these compounds. In fluoroalcohols the fluorescence of 8-hydroxyquinoline is 
less efficient than in sulfuric acid by at least a factor of 3. The high sensitivity of the 
fluorescence in sulfuric acid to the presence of water could also be useful for analytical 


purposes. 
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Experimental 
All absorption spectra were recorded on a Cary Spectrophotometer model 11 MS. 
The instrument and the procedures in fluorescence work have been described 


weviously [15,20]. For fluorescence measurements, the slits on the Bausch and 


Lomb exciting monochromator were set to 5-0 mm corresponding to a band width 
of 33 mu. The slit on the Beckman DU was usually kept at from 0-5 to 0-6 mm, 
giving a varying band width. All observed fluorescence readings were corrected for 
variation in the response of the photomultiplier. For excitation spectra, the exciting 
monochromator was set to 2-0 mm, or a band width of 13-2 mp. The excitation 
spectra were corrected for the variable intensity of the xenon lamp with wavelength. 
All 8-hydroxyquinolines, except the 5-amino derivative, and 1-naphthol were 
Eastman Kodak white label materials. 8-Hydroxyquinoline, 2-methyl-8-hydroxy 
quinoline, 5:7-dichloro-8-hydroxyquinoline, and | naphthol were recrystallized from 
ethanol and were checked for purity by melting points. Their melting points were 
73-74 C, 73-73-5°C, 180-180-5°C and 95-5-96-5°C, respectively. The literature 
melting points of the 8-hydroxyquinolines are summarized by HoLLINGsHEaD [1]. 
8-Hydroxyquinoline-5-sulfonic acid was recrystallized from water and was checked 
by an alkalimetric titration. 5-Amino-8-hydroxyquinoline was prepared by reduction 
of the 5-nitroso-derivative (Eastman Kodak white label) by the procedure of 
UrBanski (21). Its purity, determined by an elemental analysis of the dihydro 
chloride, was better than 99-5 per cent. Quinoline, also an Eastman Kodak white 
label product, was used without further purification. 
The fluoroalcohols were experimental samples kindly supplied by the du Pont 
company. 
rhe writers are grateful to Prof. D. M. Hercevu es for the interest he has 
His discussions of n-m transitions inspired us to experiment with the 
One of us (O. P.) is indebted to the Allied Chemical and Dye Corporation 
rhis work was supported in part by the Atomic En rey Commission under 
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Abstract—Abnormal hydroxyl-group absorption near 3400 cm~-! can frequently occur in the 
infra-red spectra of non-hydroxylic compounds dispersed in potassium chloride disks. Though this 
absorption develops during the grinding of potassium chloride in the presence of atmospheric 
moisture it is not due to adsorbed moisture. It is enhanced by the presence of certain poly- 
nuclear compounds during grinding. An increase in pH results from the grinding of potassium 
chloride, 

It is suggested that interaction of water and potassium chloride during grinding causes 
substitution of hydroxyl ions into the potassium chloride crystalline lattice, but the role of the 
polynuclear compounds in this process is obscure. 


Introduction 

THE potassium halide disk technique [1, 2] greatly facilitates the study of the infra- 
red spectra of solids. The technique has found wide application and its qualitative 
advantages and quantitative potentialities are well established, but some complicat- 
ing factors have been reported recently which indicate that it should be applied with 
caution. Thus, effects such as the formation of hydrates [3], changes in crystal modifi- 
cation (i.e. polymorphism) or destruction of crystallinity [4—6], chemisorption on 
the surface of the alkali halide [4], and anion exchange [7] have been noted. 

The present investigation is concerned with the occurrence and possible causes 
of yet another effect that appears to be associated with the disk technique. 

During a study of the infra-red spectra of some polynuclear quinones and related 
hydrocarbons the persistent appearance of very strong OH absorption at 3380 cm~! 
was noted when using potassium chloride disks, despite precautions to eliminate the 
sorption of moisture. The abnormally high absorption and the absence of any 
detectable interfering absorption near 1650 cm~' indicated that the OH absorption 
at 3380 cm~! was not due solely to adsorbed water. Further evidence for this view 
was provided by the observation that, under the normal conditions of drying for disk 


preparation, moistened potassium chloride yielded disks which showed only relatively 
weak OH absorption. 


. M. Strwsow and M. J. O’ Downey, J. Am. Chem. Soc. 74, 1805 (1952). 
. Scnrept and H. Reinwers, Z. Naturforsch. 7b, 270 (1952). 
. A. Barker, E. J. Bourne, H. Weicet and D. H. Wirren, Chem. & Ind. 318 (1956). 
C. Faroe Rn, S pectroc him. Acta 8, 374 1057). 
Baker. J. Phys. Chem. 61, 450 (1957). 
toneRrTs. Anal. Chem. 29. 911 (1957). 
’. W. Metocue and J. E. Kausvus, J. Inorg. & Nuclear Chem. 6, 104 (1958). 
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Experimental 

The following compounds were used in the present study: 

|: 2-Benzanthraquinone (1), BDH. 

Dibenzanthrone (II), ICI Dyestuffs Division, twice resublimed in vacuo. 

Violanthrene (III), prepared by pyrolysis of dibenzanthrone [8], resublimed. 

Anthracene (IV), BDH, m.p. ca. 213°C (literature 216-6°C). 

Chrysene (V), L. Light and Co., twice recrystallized from benzene. m.p. ca, 250°C 
(literature 252°C). 

Pyrene (VI), BDH, m.p. 151°C (literature 149-5°C), 

The infra-red spectra of these compounds as mulls (nujol or hexachlorobutadiene) 
showed no OH absorption. 

The potassium chloride used for disk preparation was prepared from A.R. grade 
potassium chloride by the procedure of Hates and Kynasron [9]. It was mixed 
with the sample by hand in an agate mortar and 0-5 in. diameter disks (100 mg or 
200 mg) were made in an evacuable die under a load of about 17,000 Ib. 

Disks were made from mixtures of each of the test compounds, carefully prepared 
with respect to concentration in the presence or absence of air by grinding and mixing 
for predetermined times. 

The preparation in the absence of air was performed by grinding and mixing 
under carbon tetrachloride or carbon disulphide. The effect on the OH absorption of 
various conditions of drying of the mixtures prior to disk preparation was 
investigated. 

The infra-red absorption measurements were made with a Perkin-Elmer model 21 
double-beam infra-red spectrophotometer fitted with a rock-salt prism. 
Measurements of pH were made using a Norton glass electrode system. 


Results and discussion 

Although it was difficult to obtain quantitative reproducibility with respect to 
the OH absorption in the disks, the same general pattern of behaviour was always 
observed for any particular sample. A representative set of observations on the 
variation of OH absorption is summarized in Table 1. Inspection of this table shows 
that: 

(1) Hydroxyl groups, which cannot be removed by heating, can be introduced 
into potassium chloride by grinding in air. 

(2) The concentration of this type of hydroxyl group is greatly increased by 
grinding the potassium chloride in air with the highly condensed aromatic 
compounds (1), (II) and (III). The additional hydroxyl groups are not associated 
directly with these compounds since they persist even after the compounds have been 
removed by sublimation (cf. compound (I)). This was confirmed by the observation 
that disks, prepared in the absence of air from mixtures of samples recovered from 
disks possessing strong OH absorption, give negligible OH absorption. 

(3) Though the absence of pronounced OH absorption when the grinding and 
mixing are carried out away from air indicates that the presence of atmospheric 


(8] R. A. Dur, R. E. Lack and J. 8S. SHANNON. Australian J. Chem. 10, 429 (1957). 
9) J. L. Haves and W. Kywaston, Analyst 79, 702 (1954). 
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Infra-red spectra in the solid state: Anomalous hydroxyl-group absorption in potassium halide disks 
moisture is essential, nevertheless the hydroxyl groups responsible for the strong 
absorption are not due to the presence of water alone, since water can be largely 


removed from potassium chloride under moderate drying conditions. 


Table 1. OH absorption (at 3380 em~') in potassium chloride disks of non-hydroxylic compounds 


Sample <xpt. Treatment OH optical 
density 


As prepared, unground but dried at 110°C Reference 
Mixture |, moistened and redried at 110°C 0-00 
Hand ground in air for 1 hr 0-064 
Mixture 3, vacuum-dried at 200°C for 2 hr 0-067 
Disk 4, after 2 weeks’ storage 0-048 


Dibenzanthrone (I1) in 
KC! 
® mixture ground in air for 15 min 
Mixture 6, dried 30 min at 105°C 
Disk 6, pulverized and heated at 110°C for 4 days 
Mixture 7, dissolved in water and (II) recovered 
and used in 1°, mixture prepared under CCl, 0-017 
1 :2-Benzanthraquinone 
(1) in KCl 
0-5°,, mixture ground in air 0-108 
Disk 10, heated at 110°C for 3 days 0-097 
Mixture 10, heated at 110°C for 4 days 0-098 
Disk 12, pulverized and heated at 110°C for 2 days 0-101 


Violanthrene (IIT) in 
KCl 

1°, mixture in air 0-377 
Disk 14, pulverized then heated at 200°C, in 
vacuum 2 hr 0-392 
1°, mixture prepared under CCl, 0-00 


Anthracene (1V) in KC! 
1°, mixture prepared in air 0-019 
1°,, mixture prepared under CS, then 5 min in air 0-038 
Mixture 18, heated at 110°C for 7 hr 0-023 
Chrysene (V) in KCl 
1°, mixture prepared in air (20 min) 0-049 
1°, mixture prepared under CS, then 5 min in air 0-072 
Mixture 21, heated at 110°C for 4 days 0-036 


Pyrene (VI) in KCl 
4°, mixture prepared in air 30 min 0-046 
Mixture 23, heated at 200°C in vacuum 0-016 


* During this operation 86 per cent of the sample was lost by sublimation (estimated from quinonoid 
carboxyl band at 1670 em~*). 


(4) The lower molecular-weight aromatic hydrocarbons (IV), (V) and (VI) have 
a slightly inhibiting effect. 

The association of the OH absorption with the potassium chloride phase and the 
fact that the presence of water is essential but not directly responsible suggests that 


595 


KCl l | 
| 
4 
5 | 
Lie 
| | 


R. A. and J. SzeweozyK 


some interaction occurs between the water molecules and the potassium chloride 
crystals during the grinding operation, possibly with formation of potassium 
hydroxide. 

Some confirmation that potassium hydroxide formation was occurring was 
provided by pH measurements on solutions prepared from unground potassium 
chloride and from potassium chloride ground alone or in the presence of (II). A 
small but definite increase in pH was always observed after grinding (see Table 2). 
Attempts to obtain a spectrum of potassium hydroxide using the potassium halide 
disk technique were not very successful. It was found that, even with stringent 
precautions to exclude air in the course of preparing the disk, virtually complete 
conversion of the potassium hydroxide to potassium carbonate always occurred and 
the spectrum obtained corresponded closely to that of potassium carbonate. When 
reasonable OH absorption was obtained with such disks the absorption maximum 
was at 3200 cem~! compared with 3380 cm~! for the OH absorption under considera- 
tion. Also the potassium hydroxide continued to react with carbon dioxide rapidly 
even in the disks, whereas only slight decreases in the anomalous OH absorption 
appeared to occur with ageing. This evidence suggests that the anomalous OH 
absorption and the increased alkalinity that result from the grinding of potassium 
chloride are not simply due to potassium hydroxide present as a physically separate 
phase. 


Table 2. pH measurement of solution of potassium chloride mixtures 


| 
Sample No. | Treatment 


Distilled water used 

Unground, 5 g in 15 ml water 

Ground, 5 g in 15 ml water 
| Solution (2)+3 drops dil. KOH solution 
| (ca. 30 pg.) 


KCl Dibenzanthrone 
Unground, 796 mg KCl + 10 ml water 
Unground, 796 mg KCl + 4 mg (11) in 10 ml 
water 
Ground, 799 mg KC] + 1°, mixture 8 (Table 
1) in 10 ml water 


* The distilled water used was acidic owing to dissolved carbon dioxide. 


It is well known that chemical reactions may be brought about by the energy 
released by friction and impact even when grinding is done by hand, with an agate 
mortar and pestle [10]. Thus a partial explanation of the effect under discussion may 
be that during the grinding of the potassium chloride, crystalline fragments are 
continually fractured with the momentary exposure of fresh crystal faces in a state 
of non-equilibrium owing to the destruction of the symmetry of the lattice field forces 
acting on the ions which now find themselves at the surface. If molecules of water 


[10] F. P. Bowpen and D. Tazor, The Friction and Lubrication of Solids p. 315. Oxford University Press 
(1950). 
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Infra-red spectra in the solid state: Anomalous hydroxyl-group absorption in potassium halide disks 


are in the vicinity these react with the newly formed surfaces to bring about the 
substitution of hydroxyl groups into a lattice site, either by addition or alternatively 
by replacement of a chloride ion. The observed increase in pH indicates that the 
hydrogen ions, or both the hydrogen and chloride ions as the case may be, are then 
eliminated from the mixture. The role of the polynuclear compounds in this process 
is obscure. Why the higher molecular weight and more highly condensed compounds 
(1), (11) and (III) should enhance the effect and the lower molecular weight com- 
pounds (IV), (V) and (VI) should, if anything, suppress it is even more puzzling. 
Possibly the former group may facilitate the elimination of the hydrogen ions or 
hydrogen chloride (via protonation?) and thus promote the release of further 
hydroxyl ions for substitution into the potassium chloride lattice, whereas the latter 
group acts only by physically blocking the access of water molecules to the newly 
formed potassium chloride crystal surfaces. Or alternatively the latter group may, 
through their relative ease of sublimation, dissipate the energy released during 
grinding. 

Surface dislocations of the crystalline lattices of all alkali halide crystals are now 
generally considered to be caused by the asymmetric surface force field [11, 12]. 
Recent studies of the isotopic exchange between gaseous chlorine and small freshly 
formed particles of sodium chloride [13] indicated the presence of metastable surface 
structures which revert to equilibrium slowly at room temperature. Morrison and 
PATTERSON [14] have observed, by means of pH measurements, a deficiency of 
chloride ions to the extent of 0-07 per cent on a sample of small particles of sodium 
chloride. This non-stoichiometry was removed only by sintering in a chlorine 
atmosphere at temperatures in excess of 300°C. No satisfactory explanation of this 
effect was advanced. From heat-capacity measurements the presence of significant 
amounts of adsorbed moisture was dismissed but the possibility of hydroxyl sub- 
stitution into the lattice was not considered. 

Although the type of OH absorption discussed in this paper is probably exhibited 
to some extent by all potassium halide disks it becomes intense only in the presence 
of certain classes of sample, e.g. condensed polynuclear hydrocarbons and quinones, 
and it can be readily prevented by preparation of the potassium halide-sample 
mixtures under volatile non-polar solvents such as carbon tetrachloride and carbon 


disulphide. 
1] E. J. W. Verwey and J. E. Asscnen, Ree. trav. Chim. 65, 521 (1946). 
D. Patrerson, Trans. Faraday Soc. 48, 877 (1952). 
I 


G. Harrison and J. A. Morrison, J. Phys. Chem. 62, 372 (1958). 
J. A. Morrison and D. Parrerson, Trans. Faraday Soc. 52, 764 (1956). 
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Analysis of cis- and trans-1:4 contents of polyisoprenes by 
near infra-red spectroscopy 


P. J. Corisu 
Chemical Research Dept., Dunlop Research Centre, Fort Dunlop, Birmingham 24 


(Received 10 April 1959) 


Abstract—A new method for the determination of cis- and trans-1: 4 units in synthetic poly- 
isoprenes and gutta-rubber mixtures has been developed. The method uses the near infra 
red region of the spectrum and gives better, more reproducible results than the one using the 
normal infra-red region. 


Introduction 


ISOPRENE can polymerize in four different ways to give the following repeating units: 


—CH, 


trans-1:4 


The last two structures may be determined using the normal infra-red region 
but the determination of cis- and trans-1:4 repeating units in mixtures of the two 
has proved very difficult. This has been encountered in the analysis of mixtures of 
gutta percha and natural rubber and also in the examination of synthetic poly- 
isoprenes made using Ziegler-type catalysts. Various infra-red methods have been 
tried [1] but they all failed owing to lack of reproducibility of results. 

This paper describes a method for determination of cis- and trans-1:4 repeating 
units based on the near infra-red region, i.e. 1-2-8 u, which is more accurate than 
that using the normal infra-red region. 


Experimental 
The instrument used for qualitative and quantitative work was a Beckman 
model DK-2 spectrometer. The normal operating settings were as follows: scanning 


{1] P. J. Contsn. Unpublished work. 


VOLe 
15 
1959 


7 CH, H CH, CH,— 
C=C C=C 
—CH, | H 
cis-1:4 
CH, H 
| | 
—CH,—C— —CH,—C— 
CH C—CH, 
\| 
CH, CH, ‘ 
3 1:2 3:4 
598 
: 


Analysis of cis- and trans-1 : 4 contents of polyisoprenes by near infra-red spectroscopy 


time, 50; scale expansion, expanded 2x; time constant, 0-2; sensitivity, 100. 
Carbon tetrachloride solutions of the polymers, approximately 1°, concentra- 
tion, were used and carbon tetrachloride was used in the reference beam. Fused 
silica or glass cells, usually 4 cm path lengths, were used. 

The reference samples of natural rubber and gutta percha were specially purified 
to remove gel (solutions being filtered through muslin several times and dried) and 
standard solutions were made up in the following manner. After weighing out the 
polymer (ca. 0-5 g) into a 50 ml flask, some carbon tetrachloride was added and the 
mixture was left overnight so that the solvent would swell the polymer. After 
securing the stopper of the flask (e.g. with Sellotape*), the mixture was shaken on a 
laboratory wrist-action shaker for about 4 hr until the polymer dissolved. The solutions 
were then made up to the mark in the flasks and were ready for use. 

Samples of synthetic polyisoprenes were made up in a similar manner, benzene, 
which interferes with the determination (see Discussion), having been completely 
removed. Since the synthetic polyisoprenes sometimes contained appreciable 
amounts of gel, which required removal by filtration, dry weight determinations on 
these samples were carried out, after running their spectra, by filling 10 ml flasks 
with the solution contained in the 4 cm cells, using a large hypodermic syringe. On 
evaporation of the solvent in a vacuum oven (without raising the temperature 
above 40°C) until the flasks reached constant weight, the percentage concentration 
of original solution (g/100 ml) could be calculated. 


Discussion 

In normal infra-red spectra of polyisoprenes containing all four repeating units, 
the 1:2- and 3:4-additions may be distinguished and estimated by using absorptions 
at 910 and 890 cm~!. Great difficulty arises, however, in the estimation of cis- and 
trans-1:4-additions as the absorptions due to these components are very similar. 
This is illustrated in Fig. 1, which shows the infra-red spectra of natural rubber, 
gutta percha (in the amorphous state) and a synthetic polyisoprene. Natural rubber 
is a polyisoprene containing predominantly cis-1:4 repeating units while gutta percha 
contains predominantly trans-1:4 repeating units. The only differences between the 
two spectra are: (i) both display absorptions at 835 em~ (11-98 4) but the band in 
natural rubber has an extinction coefficient ca. twice that of gusta percha; (ii) natural 


rubber has a band at 1130 cm~! (8-85 ,) contrasting with one at 1152 em~! (8-68 yp) 


in gutta percha. 
RICHARDSON and SAcHER [2] have used the absorptions at 835 cm~! to estimate 


amounts of cis- and trans-|:4-structures in synthetic polyisoprenes. The “‘cross-over”’ 
point at 811 cm~! gave an estimate of total 1:4-addition and the peak absorption at 
835 cm~! enabled the ratio cis-1:4/trans-1:4 to be determined. The use of simul- 
taneous equations enabled the percentages of cis-1:4 and trans-1:4 repeating units 


to be calculated. 


* Transparent adhesive tape, from Gordon & Gotch Ltd., 8/10 Paul St., London E.C.2. 


[2] W. 8S. Ricuarpson and A. J. Sacner, J. Polymer Sci. 10, 353 (1953). 
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BinpEr and Ransaw [3] used the weak bands at 1130 and 1152 cm~ to estimate 
cis- and trans-1:4 repeating units. The origins of these bands are somewhat uncertain. 
SAUNDERS and Smrrx [4] assign them to CH, vibrations, but SurHeRLAND and 
JONES [5] assign them to CH, vibrations. 


| /\ 
Wray 


A Naturol rubber 


Guttc percha (amorphous 


Fig. 1. A. Infra-red spectrum of a film of natural rubber. 
film of gutta percha in the hot cell at a temperature > 73°C 
a film of a synthetic polyisoprene. 


B. Infra-red spectrum of a 
- C. Infra-red spectrum of 


Both methods have been tried in these laboratories [1] and unsatisfactory results 
have been obtained. The results have not been reproducible and have often given 
calculated concentrations much greater than the concentrations used. The near 


infra-red region was therefore explored to see whether this would provide additional 
information. 


Figs. 2 and 3 show near infra-red spectra (1-05-2-8 x) of carbon tetrachloride 
solutions of natural rubber and gutta percha. Absorptions in this region of the 
spectrum are overtones or combinations of fundamental vibrations. particularly 


(3) J. L. Bryper and H. C. Ransaw. Anal. Chem 29, 503 (1957). 
4) R. A. Saunpers and D. C. Surrn, J. Appl. Phys. 20, 953 (1949). 
[5] G. B. B. M. Surwertanp and A. VALLANCE 


Jones, Discussions Faraday Soc. 9, 28) (1950). 
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Between 


those involving X—H groupings, i.e. containing hydrogen atoms [6-8]. 
2-75 and ca. 1-8 4, the most important bands are due to binary combinations of XH 
stretching modes with XH deformations or combinations with other vibrations 
involving the X atom. The CH first overtones give a number of bands from 1-6 
NH and OH first overtones extend to 1-4 ». Other combination bands 


to 1-8 uw, while 


Fig. 2. Near infra-red spectrum (1-05-2-8,) of a ca. 1%, solution of gutta percha 
in a 4 em cell. 


Natura! rubber 


Optical density 


Fig. 3. Near infra-red spectrum (1-05-—2-8y) of a ca. 1°, solution of natural rubber 
in a 4 cm cell. 


). Kaye, Spectrochim. Acta 6, 257 (1954). 
J. L. Laver and E. J. Rosensaum, Appl. Spectroscopy 6, 29 (1952). 
_G. J. and H. A. Wi11s, J. Appl. Chem. 6, 385 (1956). 
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which occur from 1-35 to 1-5 « and the second overtones from 1-0 to 1-2 ~ require 
very long path lengths and have not been studied in such great detail. 

The most characteristic difference between natural rubber and gutta percha is a 
sharp combination band at 2-46 « which occurs in the near infra-red spectrum of 
natural rubber. A band at this frequency also occurs in gutta percha but of very 
much reduced intensity. The absorptions are possibly combinations of CH stretching 


— 


| 
| 
20 


50 


cis 


Fig. 4. El}, for the 2-46y band vs. percentage cis-1 : 4 content for synthetic mixtures 
1 I 
of natural rubber and gutta percha. 


vibrations with the bands used by BrxpeEr [3] at 1130 and 1152cm~'. There are also 
differences in other combination bands in the 2-3-2-5 uw region which may be seen 
on referring to Figs. 2 and 3. In the first overtone region, the absorption due to 
CH, at 1-72 yu is ca. twice as intense as other CH, and CH, bands (1-70, 1-76 and 
1-78 4) in the spectrum of natural rubber; in the spectrum of gutta percha, the 
ratio is somewhat reduced. 

In gutta percha—natural rubber mixtures and in synthetic polyisoprenes made 
using Ziegler-type catalysts, amounts of 1:2 and 3:4 repeating units are small and 
the main emphasis is on the determination of cis-1:4/trans-1:4 ratios. Vinyl and 
vinylidene groups, i.e. 1:2 and 3:4 repeating units, can, however, be estimated also 
by near infra-red spectroscopy [1, 9]. 

Synthetic mixtures of natural rubber and gutta percha were thus made up to see 
whether a method based on the 2-46 y band could be used for cis-1:4/trans-1:4 deter- 


mination. Fig. 4 summarizes results obtained and plots E}*%, for the 2-46 » band 


{9] R. F. Goppt Anal, Chem. 29. 1790 (1957). 
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against percentage cis-1:4-content. It was assumed for these calculations that 
natural rubber contains 97-8 per cent cis-1:4-units and gutta percha contains 
98-7 per cent trans-1:4-units [3]. It may be seen that the results lie fairly well on a 
straight line and this has been used to evaluate synthetic polyisoprenes. It was 
verified that Beer’s law held over the range of concentrations and path lengths used 
by carrying out several determinations using different concentrations of natural 
rubber and gutta percha and different path lengths. 

An alternative method which does not involve dry weight determinations is 
shown in Fig. 5. This uses the band at ca. 2-315 pu as a thickness standard, as it does 
not vary very much in intensity on going from gutta percha to natural rubber 


Fig. 5. R=(A, su) (Agaisy) VS. percentage cis-1:4 content for synthetic mixtures of 
natural rubber and gutta percha. 
using synthetic mixtures. The ratio R = Ag.4¢,/A»s,;, is plotted against percentage 
cis-1:4-content. This method has the advantage that it could be applied to determina- 
tions on films as well as solutions. Typical base lines used for these determinations 
are shown in Figs. 2 and 3. N.B. If benzene is present even in small amounts, it 
interferes with the determination as it has a very strong absorption at 2-46 yp. 


Results 


Table 1 lists data and results obtained for natural rubber, gutta percha and 


synthetic mixtures as well as some for synthetic polyisoprenes. Ameripol SN which 
was reported [10] to be a “synthetic natural rubber” by Goodrich Gulf Corpn. is 
shown to have a high cis-content, very akin to natural rubber. 


{10} R. P. Kenney, Rubber & Plastics Age 38, 1042 (1957). 
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Crutta 


Gutta— 
rubber 


Gutta—natural 


rubber 


CGiutta—natural 
rubber 


natural 


rubber 


natural 


natural 


rubber 


natural 


Natural rubber 


‘ 

Gutta 

* 

rubber 


4019 ¢ 


O-l1134¢ 21-84 0-099 


“5153 


02982 


00-2012 40-06 0-126 


“4994 


| 02464 ¢ 49-07 0-147 


“4997 


‘1987 g 


00-3005 59-97 0-169 


-4992 


‘l02l¢g 
0-4084 


79-85 
“5105 


‘0503 


04631 ¢ 90-1 0-220 


“5134 


“5059 | 97-78 0-242 


0-02402 


0-03154 


0-03677 


0-04232 


O-O5191 


0-05356 


0-05979 


Table 
Conen. cw | A 
Polymer | (2/50 ml) (Yo) Agesey A A 
Gutta percha | 5099 (98-69 0-060 0-01471 0-615 O-O975 
| trans) 
Ciutta—natural O-4515¢ | 
rubber 0-0496 0-82 0-075 O-O1871 0-656 


0-674 


7O7 


0-780 


-790 


0-1469 


0-1760 


0- 2079 


0-2325 


O-2718 


0-2784 


O- 2995 


Ameripol SN 0-2865 | 96-8+ 0-136 0-05934 0-482 0-2822 
0-336* | 0-05864 
: * 10 cm cell. + From calibration chart, Fig. 4. 


assistance. 
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The substance of this paper has already been described at the joint meeting of 
the Infra-red Discussion Group and the Photoelectric Spectroscopy Group held at 
King’s College, London, on 2 January 1959. 
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Abstract 


ammonia—oxygen diffusion flame have been studied with high-resolution grating spectrometers 


The infrared emission spectra of a hydrazine decomposition flame and of an 


in the spectral range 600-4000 cm~'. Emission spectra of the hydrazine flame were recorded at 


various heights in the flame and at two burning pressures. High-resolution absorption spectra 


of ammonia and hydrazine vapor have been recorded on the same scale for comparison. 


Emission spectra have also been recorded from two areas of the ammonia oxygen diffusion 


flame, one in the ammonia-rich part of the flame and the other in the region of intense yellow 


radiation due to the NH, radical. An oxy-hydrogen diffusion flame was examined to establish 


the spectrum emitted by hot water vapor and by the OH radical. The high-resolution absorption 


spectrum of ammonia was again recorded on the same scale. 


There are many emission lines from the hydrazine decomposition flame which can be assigned 


neither to ammonia nor to hydrazine. These lines are pointed out and discussed, but no definite 


assignment seems possible from the data because of the large number of short-lived species that 


might exist in this flame, all containing only nitrogen and hydrogen, and hence all having their 


infrared bands in similar spectral regions. 


Nearly all of the emission lines from the ammonia—oxygen flame have been assigned to water, 


ammonia or the OH radical. Several lines of uncertain assignment appear near 1100 cm-}, 


These may be due to ammonia, but no correlation exists between them and the ammonia absorp- 


tion spectrum such as is found in other regions. The most striking new lines are found in the 


region 2700-3050 cm~', where a series of twenty-three almost evenly spaced lines occur which 


cannot be assigned to known lines of water, ammonia or OH. The new lines have tentatively 
been ascribed to the NH, radical. In the emission of both flames, the R-branch of the band due 
to the inversion vibration at 950 ¢m-! in ammonia is easily visible, but the P-branch is not. 


This phenomenon is attributed to an effect, previously observed in diatomic molecules, which 


increases the intensity of either the P-branch or the R-branch of a band at the expense of the 


other branch. 


THe ready availability of infrared grating spectrometers of high aperture and 
moderate resolving power improves the prospect of successful study of the composi- 


tion and kinetics of flame reactions by means of their infrared emission spectra. 
Prompted by an interest in detecting the NH, radical through its infrared emission, 
the writers have studied two flames in which this radical is known to be present 
from its visible emission spectrum. These are the ammonia—oxygen diffusion flame 
and the hydrazine decomposition flame. 


* This article is based on the Ph.D. thesis of C. H. SepERHOLM, submitted to the Department of 
Chemistry, Massachusetts Institute of Technology, January 1959. Acknowledgement is made of 
financial support by the U.S. National Science Foundation (Grants G-1892 and G-6230). 

t U.S. National Science Foundation Pre-doctoral Fellow, 1955-1959. 
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The ammonia—oxygen diffusion flame has been studied in the visible region [1], 
but only recently have Dows et al. [2] investigated its infrared emission, using 
low-resolution prism equipment. They found no emission to be attributed to 
NH, or NH. 

The emission spectrum of the hydrazine decomposition flame has been photo- 
graphed by Hatt and WoLFrHarp [3], who found that the spectrum was produced by 
NH, and NH. No infrared spectrum of this flame has been reported up to now, 
although it appears to offer an excellent possibility for observing NH, and NH 
because of the freedom of the flame from OH and water. It was hoped to study 
spectra originating at various heights in the flame and to gain information thereby 
about the course of the decomposition reaction. 

Study of the spectrum of the ammonia-oxygen flame was undertaken first. 
Despite the negative results of Dows et al, |2] it seemed possible that the considerably 
higher resolution achieved by the grating spectrometer might enable detection of 
NH, and perhaps NH. This study, which included the observation of some new 
bands and their tentative assignment to NH,, was completed before we learned of 
the recent work of TANNER and Kine |4]. They report a low-resolution infrared 
absorption spectrum (ascribed to NH,) in the products of the flash photolysis of 
hydrazine. 


Experimental 

Spectrometers 

Two small grating spectrometers of aperture f 4-0 were used [5, 6]. One employed 
cooled lead-sulfide and lead-telluride photoconductive detectors and was used at 
frequencies above 2000 cm~!. The other covered the range 2000-600 em~! with 
a Golay detector. In the absorption spectra reported below for comparison purposes, 
the spectral slit width employed was 0-5cm~!. In the emission spectra, however, 
energy considerations forced the use of wider slits, which varied from a minimum of 
about | em~! in the high-frequency portion of the ammonia—oxygen flame spectrum 
to as much as 4 cm! for certain regions below 2000 cm~! in the hydrazine 
Hame. 

Spectra were recorded on strip charts and the figures below were traced directly 
from the original records. At frequent intervals the mechanical slit width or 
amplifier gain was changed; discontinuities in the curves make clear where these 


changes were made. 


Flame systems 

(a) Ammonia—oxygen diffusion flame. The burner used was identical to the one 
described by Dows et al. [2]. It was mounted with the ammonia—oxygen interface 
parallel to the optical path. The mounting permitted delicate horizontal motion of 


. G. Wo irnarp and W. G. Parker, Proc. Phys. Soc. (A) 62, 722 (1949); Ibid. 65, 2 (1952). 
A. Dows, G. C. Pimentre: and E. Wurrt ie, J. Chem. Phys. 23, 499 (1955). 
R. Hawi and H. G. Woirnarp, Trans. Faraday Soc. 52, 1520 (1956). 
N. TANNER and R. L. Kine, Nature 181, 963 (1958). 
. C. Lorp and T. K. McCussry, Jr., J. Opt. Soc. Am. 45, 441 (1955). 
. C. Lorp and T. K. MceCunsry, Jr., J. Opt. Soc. Am. 47, 689 (1957). 
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the burner perpendicular to the optical path, so that radiation from various sections 
of the flame beginning | cm above the top of the burner could be focused on the 
entrance slit by the conventional source optics. The source optics and spectrometer 
were enclosed in a housing which was purged with dry nitrogen to eliminate atmos- 
pheric absorption. The burner was placed about | em from a rock-salt window through 
which the radiation entered the housing. 

Spectra were recorded both of the radiation from the bright yellow portion of the 
flame near the ammonia—oxygen interface and of that from the dim portion on the 
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Fig. 1. Apparatus for production of the hydrazine decomposition flame. 


ammonia-rich side of the burner. The spectrum of an oxy-hydrogen diffusion flame 
was recorded under similar slit conditions to establish the positions and appearance 
of the emission lines due to water and the OH radical. The spectrum of this flame 
did not depend (apart from intensity) upon the region where the radiation 
originated, 

(b) Hydrazine decomposition flame. A schematic diagram of the apparatus for 
producing and regulating this flame is shown in Fig. 1. The flame, which was 
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stabilized at reduced pressures (75 mm and 40 mm) in a 51. flask on top of a chimney 
of 20 mm pyrex tubing, was ignited by a spark between electrodes on either side of 
the chimney. The flask was evacuated with a pump isolated from the system by a 
50 1. surge tank. The pumping rate was controlled by means of a stopcock in the 
pumping line. Hydrazine vapor from a reservoir of boiling hydrazine* travelled 
through two needle valves separated by a 2 |. surge bottle, and then up the chimney. 
The two needle valves and the surge bottle regulated the hydrazine flow rate and 
reduced fluctuations in the flow caused by uneven boiling of the hydrazine. All parts 
of the hydrazine supply system were heated and the temperatures of these various 
parts were adjusted to stabilize the flame at the desired burning pressure. The 
temperatures were all near 100°C. 

Radiation from the flame was observed through a rock-salt window in the side of 
the flask. An unmagnified image of a horizontal section of the flame was focused on 
the vertical slit of the spectrometer by a spherical mirror and two appropriately 
oriented plane mirrors. One of the plane mirrors was mounted in such a way that 
segments at various heights in the flame could be reproducibly focused on the slit. 
All of this optical path as well as the instrument housing was purged with dry nitrogen 
to reduce atmospheric absorption. This technique was not as effective as it was with 
the ammonia—oxygen diffusion flame because of the bulk of the source optics. 


Results 
Emission spectra in the range 4000-600 cm~! from the ammonia—oxygen diffusion 
flame are presented in Fig. 2. The region 2420-2000 em~!, which shows nothing but 
some feeble radiation from H,O and OH, is omitted. In the figure, curve A is a 
comparison spectrum of absorption by ammonia at room temperature, B is the 
emission spectrum from the dim, ammonia-rich part of the flame, C is that from the 
bright visible part near the interface between the two streams of gas, and D is the 


spectrum from the same part obtained when ammonia was replaced by hydrogen. 
Apart from the wider spectral slit widths mentioned above, the instrumental 


operating conditions were essentially those described in [5] and [6]. 

The emission spectra from the hydrazine decomposition flame are presented in 
Fig. 3. The spectral regions 2900-2000 and 820-600 cm~! are not presented because 
there is insufficient emission from the flame to be detected. Five emission spectra 
are presented in these figures. Curve H shows the emission of the flame at a point 
18 mm above the top of the chimney with a pressure of 40 mm. Curves D, E, F and 
@ were each recorded at a pressure of 75 mm. Curve D represents the emission 
6 mm above the chimney; curve £, 12 mm above the chimney; curve F, 18 mm 
above the chimney; curve G, 24 mm above the chimney. Curve C is an atmospheric 
absorption spectrum taken with approximately the same slit widths as the corre- 
sponding curves D through 1. By comparing the curve C with curves D through H, 
allowance can be made for apparent but spurious “emission bands” which result in 
fact from atmospheric absorption of the continuous emission from the flame. 


* For safety’s sake the reservoir of boiling hydrazine was placed outside the building adjacent to 
the room containing the remainder of the experimental set-up, and was screened by heavy stone slabs. 
One severe explosion of obscure origin occurred in the reservoir, but the damage was confined to the 
reservoir system. 
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Curve B gives the absorption spectrum of gaseous hydrazine under high 
resolution and curve A, that of ammonia at room temperature. For a survey spectrum 
of gaseous hydrazine, the reader can refer to GiGuERE and Liv [7]. 

At one time, while the hydrazine decomposition flame was burning, a dry-ice 
trap was introduced in the pumping line at a distance of about 6 ft from the flame 
flask. After the flame had been running for several minutes, this trap was completely 
filled with white solid material which was mostly ammonia. The system was shut 
down and pressurized with dry nitrogen, and the solid was allowed to warm up to 
room temperature. A good deal of ammonia gas was given off, but a small amount 
of liquid remained in the trap. The residual liquid remained colorless for several 
days under nitrogen, but when the system was taken apart and the liquid exposed to 
air, it turned dark red in a period of several more days. 

This experiment was repeated several times. Each time, the liquid remained 
completely colorless as long as it was not exposed to the atmosphere, but after 
exposure, it turned color slowly. The amount of colored material seemed to be a 
function of the conditions under which the flame was stabilized. Its infrared 
absorption spectrum showed the presence of considerable hydrazine plus a general 
mélange of other bands indicating traces of unknown components. No identification 
could be made. A separation of the active species was attempted by trap-to-trap 
distillation, but the amount involved was too small to isolate by this technique. 


Spectrum of the ammonia—oxygen diffusion flame 


By comparing the emission spectrum of the oxy-hydrogen diffusion flame (curve 
D, Fig. 2) with that of the ammonia—oxygen diffusion flame (curves B and C), one 
sees that throughout most of the spectral region investigated the spectra of these 
two flames coincide closely except for overall intensity. Additional bands are present 
in the ammonia—oxygen flame in the regions around 1000 cm~', 1600 cm~! and 
2900 cm~'. Since the only species in the oxy-hydrogen flame which radiate in the 
infrared above 600 cm~! are H,O, which emits throughout the infrared, and OH 
radical, which emits from 2700 cm~' upward, we can say that the emission from the 
ammonia—oxygen diffusion flame in all regions investigated except the three 
mentioned above is due to H,O or OH radical. 

The almost exact coincidence of the emission due to H,O and OH in the two 
flames is somewhat surprising when one considers the difference in temperature 
between them. WoLrHarp and ParKER [1] give the temperature of the ammonia- 
oxygen diffusion flame as around 2000°C. According to GaypoN and WoOLFHARD [8] 
the temperature of an oxy-hydrogen flame is about 2800°C. However, the similarity 
between the emission spectra of the two flames throughout most of the spectrum 
makes it reasonable to assume that any emission from the ammonia—oxygen flame 


which does not appear in the oxy-hydrogen flame is due to some species other than 
H,O or OH radical. 


P. A. Grevére and I. D. Liv, J. Chem. Phys. 20, 136 (1952). 
A. G. Gaypow and H. G. Woirnarp, Flames, Their Structure, Radiation and Temperature. Chapman 
and Hall, London (1955). 
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In the region from 850 em~! to 1250 cm~! there are numerous lines which under 
the above criterion cannot be accounted for by H,O or OH. Most of the lines can be 


assigned readily to emission by ammonia because of the close coincidence between 


them and lines in the absorption spectrum of ammonia at room temperature (curve 


A). Several differences can be noted, however, between the emission and absorption 


spectra of ammonia. In the emission spectrum the Q-branches at 930 and 960 em~! 


have become broader on the low-frequency side, owing to the increased population of 


the upper rotational states, although the positions of the maxima appear unchanged. 
In the R-branch of this band the lines of maximum intensity have moved out 


toward higher frequencies, again because of the increased population of higher 


rotational states. The P?-branch of the band is almost entirely missing. Lf one looks 


at the absorption spectrum of ammonia in this region, the P-branch is found to be 


less intense than the R-branch, but is nevertheless readily observed. 


It is probable that the absence of the P-branch in emission and its diminished 


intensity in absorption are due to an effect which has previously been observed in 


diatomic molecules [9]. This effect increases the intensity of either the P-branch or 
the R-branch of a band at the expense of the other branch. It comes about as a 
result of the rotation—vibration interaction of the permanent dipole moment of the 


molecule with the vibrating dipole. 


Table 1. New emission lines from ammonia-oxygen diffusion flame 


Frequency Spacing Frequency Spacing 
i 


3047-1**3 2875-2 16-2 
3034-7*? 12-4 2858-5 16-7 
3022-67 12-1 2842-9 15-6 
3009-7+* 12-9 2829-0 13-9 
20907 12-7 2813-2 15-8 
2978-07 19-0 2794-8 18-4 
2964-8 13-2 2780-7 14-1 
2950-6 14-2 2765-4 15-3 
2937-6 13-0 2748-6" 16-8 
2921-3 16-4 2736-4+ 12-2 
2905-6 15-6 2718-62 17-8 
2891-4" 


* Measurement affected by emission lines of OH 
+ Measurement affected by emission lines of H,O. 


¢ Line center uncertam because of unusual line breadth. 


In the region from 1000 to 1100 em~'! there are some additional lines which do not 
coincide exactly with absorption peaks in room-temperature ammonia, but in view 
of the temperature difference it seems impossible to exclude ammonia as the origin of 
these lines. The variations between curves B, C and D in the region around 1600 
em~' are very small. These can probably be accounted for in terms of emission by 
the degenerate bending vibration of ammonia. In the present investigation, the 


|9) R. Herman and R. F. Warts, J. Chem. Phys. 23, 637 (1955); see also earlier references there cited. 
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large amount of emission by ammonia in this region reported by Dows et al. [2] was 
not observed. 

The region from 2700 to 3050 cm~' is of most interest. Table 1 lists a series of 
twenty-three lines which appear in this region of the spectrum. They are rather 
evenly spaced, as the second column of the table shows. If only the lines in the middle 
of this band, where identification is more straightforward, are considered the average 
spacing is 15-5 em~'. Some unassigned lines were observed by Dows et al. [2] in this 
region, which under their conditions were much weaker than the lines due to OH 
radical, and they stated “These lines may be due to emission by water’’. In the 
visible spectrum of the flame [1] emission from only a limited number of species was 
observed. These included OH, H,O, NH, NH, and NH,. Other species which might 
exist in the flame are HNO and any of the general formula N,H). 

Comparison of the emission spectrum of the ammonia—oxygen flame with that of 
the oxy-hydrogen flame shows that this series of lines does not appear in the latter. 
Two bands of emission lines due to OH radical were found in the oxy-hydrogen 
flame in this region and these agree well with the spectra of OH radical published by 
ALLEN et al. [10]. In the spectrum from the bright yellow portion of the ammonia- 
oxygen diffusion flame, it is possible to see a superposition of the new lines on the 
bands due to water and OH radical. 

The only fundamentals of ammonia near this region are the two N—H stretching 
frequencies v, and v,. It will be noted that the Q-branch of v, does not appear in the 
emission spectra at 3330 cm~!. If the Q-branch is too weak to be seen, it appears 
impossible for the P-branch of this band to be intense enough for observation in 
this region of the spectrum. As for vy, it should be still weaker than v,. Combination 
and overtone bands in the region have been investigated by Benepict et al. [11]. The 
new lines in no way resemble their combination and overtone bands. 

Electronically excited ammonia might be considered as a source of this emission 
band, but such an assignment seems unlikely in view of the very short lifetime of 
electronic states. In addition, there is no evidence for vibrational transitions in 
electronically excited ammonia elsewhere in the spectrum. The energy of the first 
known excited electronic state is too high (46167 +30 em~') [12] to permit a large 
population at the temperature of the flame. Moreover, the spacing is too irregular 
for a symmetrical top, which is the structure of the ammonia molecule in both ground 
and first excited states [13, 14]. 

The rotation—vibration spectrum of the NH radical is a possibility, since its 
fundamental frequency should occur in this general region. However, its rotational 
constant [15] is 16-7 em~', which means that it should exhibit a rather regular 
rotational line spacing of 33-4 cm~', in contrast to the observed spacings of 
Table 1. 

The remaining possibilities appear to be HNO, NH, and fragments of the formula 
N,H, with y = 1, 2, 3 or 4 (species containing more than two nitrogen atoms are 


(10) H. C. Jr., L. R. and E. K. Pryier, Spectrochim. Acta 9, 126 (1957). 
W. 8S. Bewepicr, E. K. Pryver and E. D. Tipwe tt, J. Chem. Phys. 29, 829 (1958). 
[12] A B. F. Duncan, Phys. Rev. 50, 700 (1936). 
13) A. B. F. Duw~can and G. R. Harrison, Phys. Rev. 49, 211 (1936). 
[14] W. 8S. Bewepict, Phys. Rev. 47, 641A (1936). 
5) G. Herzperc, Spectra of Diatomic Molecules (2nd Ed.). Van Nostrand, New York (1950). 
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thought to be unlikely to give rise to a rotational spacing of 15 cm~'). Rotational 
constants A, B and C are known for HNO [16] (10-3, 1-29 and 1-15 cm~", respectively) 
and for NH, [17] (23-62, 12-94 and 8-19 em~") and have been estimated [18] for 
hydrazine (4-52, 0-80 and 0-76 cm~'). Rough guesses can also be made for the others: 
N.H (A<17, B=C=1 N,H, (A<9, B=C=1 cm"), N,H, (A<6, 
B=C =1 

All of the above species except NH, are approximately symmetrical-top molecules. 
If the direction of the vibrating electric moment is parallel to the A-axis, the rota- 
tional spacing of the corresponding vibrational band is B+C, and if the direction 
is perpendicular to the A-axis, the spacing is 2A —(B+C). Since there are probably 
no reasons of symmetry why the direction of the vibrating moments should be either 
parallel or perpendicular to the A-axis in most if not all of these molecules, the best 
that can be said is that the rotational spacing of their bands should lie between 
B+C and 2A—(B+C). 


Table 2. Series of emission lines of H,O with nearly constant spacing 


| 

Frequency Spacing | Frequency Spacing Frequency Spacing 

(em~*) (em?) (em~*) (em~?) (em!) (em?) 


4003-7 
3991-1 
3977-2 
3962. 
3948-: 
3932- 
3917- 
3902- 


— 


3744° 
3736-: 3734-8 
3726-: > 3724-6 
3714-6 . 3712-6 2- 3722-6 
3701. 3- 3699-3 3s 3710-7 
3686-6 3684-5 . 3697-2 
3670-0 3668-6 3681-8 


3588-6 3586-5 
3568-3 3566-9 
3547-0 21-3 3545-5 
3526-4 20-6 3524-8 
3510-9 3506-0 20- 3504-8 
3488-6 3484: 21-6 3482-6 
3467-3 21-3 21-¢ 3460-7 
3445-4 21-¢ 3440- 21-4 3438-5 
3417- 22-¢ 3415-7 
3395-2 22-3 3393-3 
3372-6 3370-0 
3349-4 23°: 3347°3 
3325-8 23- 3323-5 


{16} D. A. Ramsay, Ann. N.Y. Acad. Sei. 67, 485 (1957). 

{17} D. A. Ramsay, J. Chem. Phys. 25, 188 (1956). 

{18} D. W. Scorr, G. D. Oxrrver, M. E. Gross, W. N. Hupparp and H. M. Hurray, J. 
Soc. 71, 2293 (1949). 
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Fig. 3. Emission spectra of the hydrazine decomposition flame: curve A, absorption 

spectrum of ammonia; curve B, absorption spectrum of gaseous hydrazine; curve C, 

atmospheric absorption spectrum under resolution comparable to curves D-H; curves 

D-H, emission spectra of the hydrazine decomposition flame: D, h=6 mm, P=75 mm, 

E, h=12 mm, p=75 mm; F, h=18 mm, p=75 mm; G, h=24 mm, p=75 mm; H, h= 
18 mm; P=40 mm. 
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It can thus be concluded that the values of B+C are too small in all cases. and 
only for HNO, N,H and N,H, are the values of 24 —(B+C) large enough to give a 
spacing of 15-5 cm~'. In these three molecules it appears that the N—H stretching 
vibrations would give rise to hybrid bands of more nearly parallel than perpendicular 
character (except for one vibration of the cis-form of N,H,) but this is not sufficient 
basis for eliminating them as possible sources of the observed lines. 

The rotational constants of the NH, radical fit the magnitude of the spacing 
somewhat better. To be sure, NH, is an asymmetrical top and a more complicated 
spectrum is expected than a series of lines with approximately constant spacing. 
However, study of the emission spectrum of H,O in the region 3000-4000 cm~' shows 
that an asymmetrical top can in fact give rise to series of evenly spaced lines. In 
H,O the bands in the above region arise from the OH stretching vibrations vy, and 
v,. and the series of even line spacings arise from transitions between the lowest 
K_, levels of adjacent values of J. The expected spacing is no larger than B+C 
and can be somewhat smaller than 2C. 

A number of these series of water lines and their spacings are listed in Table 2. 
Since for H,O [19], A = 27-79, B = 14-51, and C = 9-29 em~, it is seen that there 
are examples of the spacing running all the way from less than 2C up to B+C. 
Considering a similar effect in NH, with rotational constants as given above, one 
might expect it to give rise to an emission band with lines of roughly constant 
spacing at 15-5 em~'. 

The spectroscopic data therefore suggest that the series of lines of Table | is 
probably due to NH,, N,H, N,H, or HNO, with some preference for NH, over the 
other species. This preference is strengthened when the kinetics of the flame are 
considered. The only way in which the species other than NH, can be formed is 
by three-body collisions between an NH group on the one hand and a second NH 
group, an N atom, or an O atom on the other. The probability of three-body collisions 
involving two free radicals is very low since the free radicals are in low concentration. 
On the other hand, NH, can be formed by a two-body collision involving one free 
radical and the ammonia molecule, which is present in high concentration. There- 
fore, one expects the concentration of NH, to be much higher. 

It is to be noted that the emission of the unknown species is stronger in the 
ammonia-rich region of the flame than it is in the brightest part of the flame. In 
the visible spectrum, on the other hand, the most intense emission from NH, comes 
from the brightest part of the flame [1]. These facts might appear to argue against 
the assignment of the infrared lines to NH,, but intensity of emission depends on 
important factors other than concentration (temperature, electronic excitation, etc.) 
and therefore it is not necessary that the maxima of visible and of infrared emission 
by the NH, radical occur at the same point in the flame 

‘ecently Tanner and Krive [4] reported observing NH, in infrared absorption 
under low resolution by means of flash photolysis They found a broad band centered 
at 3200 cm~'. This is not in contradiction to the assignment of lines in the 2800 


3000 em~' to NH,, and the large amount of emission by H,O above 3050 em~! 
would obscure the center of the NH, band in our spectra. 


19) G. Herzeens, Infrared and Raman Spectra. Van Nostrand, New York (1945). 
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Spectrum of the hydrazine decomposition flame 


In this flame one expects to see emission by ammonia, hydrazine and fragments 
of hydraxine. If the ammonia—oxygen flame is a reliable guide, the emission spectra 
of ammonia and hydrazine should be similar to their absorption spectra at room 
temperature (curves A and B of Fig. 3). It is of interest that the relative intensities 
of the lines in the emission spectra (with a few exceptions to be discussed further) 
are independent of the part of the flame studied and of the two operating pressures. 
This shows that none of the species which are in sufficiently large concentration to 
be detected by their infrared emission is confined to a small region in the flame. 
The clearly observable structure of the visible flame must therefore result from 
variation in concentration of species (for example, electronically excited NH,) 
whose infrared emission spectra are too weak to measure. 

In the region 600-850 cm~' there was no detectable emission. There is a rather 
sharp band between 835 and 965 cm~! which does not seem to be due to ammonia 
because of its frequency and lack of inversion doubling. It may be slightly sharpened 
because of re-absorption by ammonia in the optical path within the flame flask. 
Since hydrazine itself has a broad absorption band in this region, it might be respons- 
ible for the observed emission. The hydrazine absorption appears very much 
broader than does the emission band, possibly because of the exponential relation- 
ship between transmission and molecular concentration, as compared to the linear 
dependence of emission on concentration. 


Table 3. Comparison of emission lines in hydrazine flame with extrapolation of observed 
absorption lines 


Observed Caled.* Observed 
Designation | ammonia lines Designation | ammonia lines flame lines Difference 
(em~*) (em~') (em~*) (em~') 


1007-5 SRio 1177-0 
1026-4 1194-9 1195-6 
1046-3 212-6 1213-0 
1065-5 SR, 230- 1230-7 
1084-6 247: 1247°8 
1103-5 264°: 1265-1 
1122-1] 281- 1281-4 
1140-6 298- 1298-3 
1158-9 SR, 314 1314-3 
SRy, 330-4 1330-6 
SRap 347- 1346-3 


* Extrapolation of observed lines with second differences assumed constant. 


There is considerable structure around 1100 em-! which corresponds neither to 
hydrazine absorption nor to that of ammonia. This structure must be due to some 
other species but there is insufficient basis for assignment. In the spectrum taken 
24mm above the chimney (curve G of Fig. 3), there is definite evidence of re-absorption 
by ammonia at 1122-1, 1140-6 and 1158-9 em~!. This does not show up in any of 
the other curves in this region. It should be noted that in this same spectrum, 
there is a broad maximum at about 1130 em~', absent from all the other spectra, 
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which is also difficult to assign. These unassigned bands continue in all of the spectra 
as far as about 1200 em~!. 

At 1196 em~'! a series of regularly spaced lines begins in all spectra, which looks like 
a continuation of the SR-branch of ammonia. In Table 3 calculated ammonia lines 
are compared with the observed emission lines. The agreement furnishes an excellent 
basis for assigning the series to ammonia. In the hydrazine flame as in the ammonia 
oxygen flame, it is found that the P-branch of the inversion vibration of ammonia is 
missing whereas the R-branch is quite intense. 

Toward higher frequency, the next band of interest is centered around 1615 em~!. 
Hydrazine has intense absorption at this point and this band can probably be attri- 
buted to hydrazine. Again, the difference in width of the band in absorption and 
emission is probably due to the comparison of an exponential function with a linear 
one. A good deal of structure appears in the emission spectrum which is not apparent 
in absorption. This structure is difficult to assign to hydrazine, as one would not 


expect new fine structure to appear at a band center as the temperature is elevated. 


Other species with NH, groups are probably emitting in this region, producing the 
added structure. From 1615 to 1900 em~! there seems to be a broad emission band 
with very little structure in it. Most of the apparent structure is due to the absorp- 
tion of continuous flame radiation by water vapor in the optical path. 

From 2000 to 2950 em~' the intensity of the emission was too small to be recorded. 
It was rather disappointing that no emission band was observed in the hydrazine 
flame at the position of the band which has been assigned to NH, in the ammonia 
oxygen flame. NH, is certainly present, but must be in too low concentration to be 
detected. Indeed, the visible bands of NH, in this flame are much less intense than 
the same bands in the ammonia—oxygen flame. 

Above 2950 em~', there are again a large number of emission bands. In general 
these do not correspond to the absorption bands of either ammonia or hydrazine. 
The strong Q-branch of v, of ammonia at 3335 cm~' is apparent in emission as a 
shoulder on the side of a much stronger band at 3325 cm~!. This strong band is at 
the same frequency as an absorption in hydrazine. Again, this band seems too sharp 
to be due to hydrazine, but the difference between absorption and emission spectra 
may account for the effect. 

There is another strong emission line at 3848 cm~! with structure on either side of 
it. Neither ammonia nor hydrazine absorbs at this point. It is hard to imagine any 
species containing only nitrogen and hydrogen which would have a fundamental 
in this region, so this must be a combination or overtone band. It should be men- 
tioned that the superior sensitivity of the photocell used at this point tends to 
exaggerate the apparent emission intensity compared with bands below 2000 em~!, 
where thermal detectors must be employed. 

It is safe to assume that none of the observed emission lines in Fig. 3 are due to 
water vapor as an impurity in the hydrazine. At one time a small crack occurred in 
the bottom of the reservoir flask which allowed some water to contaminate the hydra- 
zine. Water emission peaks corresponding exactly to the water emission from the 
oxy-hydrogen flame were immediately noted in the spectrum. None of the peaks 
shown in the spectra of the hydrazine flame corresponds to water peaks from the 
oxy-hydrogen flame. 
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In conclusion, there are many lines and bands in the emission spectrum of the 
hydrazine decomposition flame which are not produced by ammonia or hydrazine. 
These are due to intermediate species in the flame, but with the data at hand, it 
is impossible to make any assignment of them since all the species in question have 
NH stretching and bending frequencies which lie in the regions of the unassigned 
bands. Further resolution of fine structure in these bands, or comparison of the 
spectra reported here with spectra from other sources, may ultimately lead to their 
assignment and to more detailed understanding of the chemical processes of the 
flame. 


Acknowledgements—The writers wish to acknowledge several helpful discussions with Dr. H. C. 
ALLEN and one with Dr. H. G. WoLrHarp. 
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The vibrational spectra and geometrical configuration of biphenyl 
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Department of Chemistry, University of Maryland, College Park, Maryland 
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Abstract—The vibrational spectra of biphenyl and biphenyl-d-10 are reported. These include 
the Raman spectra of the pure liquids and the infrared spectra of the two compounds in solution. 
The observed spectra were found to be consistent with a D,, model or a slightly hindered rotator 
but inconsistent with either a D,, or a C, model. A detailed assignment of frequencies to the 
fundamental modes of vibration has been made for both compounds. 

The thermodynamic quantities of biphenyl have been calculated from the vibrational 
assignment. 


Introduction 


THERE are four possible models for biphenyl. If the interplanar angle is 6, these are: 
(1) Deg (@ =90°), (2) Dy, (8 =0°), (3) C, (0° < 6 < 90°), (4) free or nearly free internal 
rotation. X-ray diffraction studies [1-3] have shown that crystalline biphenyl 
possesses )),, symmetry and the ultraviolet spectra of biphenyl and substituted 
biphenyls have been interpreted in terms of the D,, model for biphenyl itself [4, 5]. 
On the other hand, electron diffraction studies of biphenyl vapor [6, 7] have indicated 
C, symmetry. The vibrational spectra of biphenyl and decadeuterobiphenyl have 
been analyzed by KovNner [8] using primarily the data of LANDsBERG ef al. [9] and 
have been interpreted in terms of a ),, model. Aziz [10] has shown that the Raman 
spectra of solid and liquid biphenyl are essentially the same. This offers further 
support for the ),, structure. On the other hand, Dae [11] has partially assigned 
the infrared spectrum of biphenyl in terms of a C, model. 


Experimental 
Biphenyl (m.p. 69-5°-70-5°) was obtained from Eastman Kodak Company. 
A method for the preparation of deuterium substituted compounds previously 
described [12] was slightly modified and used to prepare bipheny!-d-10. 


* Taken from a thesis presented as partial fulfillment of the requirements for the degree of Doctor 
of Philosophy in Chemistry at the University of Maryland. Present address: Research and Engineering 
Division, Monsanto Chemical Co., Dayton, Ohio. 


2| J. Toussaint, Acta Cryst. 1, 43 (1948). 
3| D. H. Saunper, Proc. Roy. Soc. (London) A 188, 31 (1946). 
. W. Pickett et al., J. Am. Chem. Soc. 58, 2296 (1936). 
~. A. Braupe et al., Nature 173, 117 (1954). 
3} O. BASTIANSEN, Acta Chem. Scand. 3, 408 (1949). 
. O. Brockway and J. L. Kare, J. Am. Chem. Soc. 66, 1974 (1944). 


|G. S. LANDSBERG et al., Izvest. Akad. Nauk S.S.S.R., Ser. Fiz. 18, 669 (1954). 
S. A. Aziz, Indian J. Phys. 13, 247 (1939). 
[11) J. Date, Acta Chem. Scand. 11, 640 (1957). 
{12} E. R. and E. J. J. Chem. Phys. 23, 238 (1955). E. R. Lipprxcorr and 
R. D. Neison, Spectrochim. Acta 10, 307 (1958). 
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Calcium deuteroxide was prepared by the addition of a slight excess of 99-8% 
deuterium oxide to calcium oxide which had been previously prepared by the thermal 
decomposition of reagent grade calcium carbonate. Biphenyl (1 g) and calcium 
deuteroxide (10 g) were placed in a Carius tube which was then evacuated and sealed. 
The tube was kept in a Carius furnace at 480° for 24 hr, at which time it was broken, 
the biphenyl removed by distillation, and the procedure repeated twice with fresh 
portions of calcium deuteroxide. At this point the low intensity of the C—H stretching 
frequency was taken as an indication of practically complete exchange. 


The observed ectrum } vi etral slit width: 4 em™', gain 
spectral slit gait ect! slit width: 8 em~', gain: 


ctrai t weit! oma width: 16 gam: 


Fig. 2. The observed Raman spectrum of bipheny! 10: A, spectral slit width: 8 em™', 


gait B spectral slit width: 12 em~', gam: 10 


The Raman spectrum of biphenyl has been previously reported by Daprev and 
[13], [14], Lanpspere ef al. (9), Donzevot and Cuarx [15], 
Mvuxers and Aziz {16}, Aziz[{10), and Muxers and The Raman 
spectrum of biphenyl-d-10 was reported by Lanpspere ef al, (9). 

The spectra obtained here are in essential agreement with those previously 
reported, although several new lines have been observed. They were obtained on an 
automatic recording instrument which has been described in detail by Barrorp [18]. 


and K. W. F. Chem. 55, 201 (1930). 


HLIN inn. Phys. 6, 401 

~zeLoT and M. Cuarx, Compt. Rend. 201, 501 (1935). 

Muxersi and 8. A. Aziz, Indian J. Phys. 12, 271 (1938) 

and L. Stiron, Phil. Mag. 37, 877 (1946 

Barrorp, The Construction of an Automatic Recording Raman Spectrometer. Master's Thesis, 
niversity of Maryland (1956) 
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The vibrational spectra and geometrical configuration of biphenyl 


The excitation source was a low pressure mercury Toronto type are which has an 
effective path length of 7} ft. The excitation was provided by the 4358 A mercury 
line using a KNO, filter solution. 

The spectrometer was calibrated by recording an iron are spectrum and preparing 
a calibration curve of frequency vs. drum number using the known frequencies of 
iron are. The accuracy is thought to be +3 em~'. 

The observed spectral lines are listed in Tables 1 and 2 and the spectra are repro- 
duced in Figs. 1 and 2. 


Transmittonce, 


Fig. 3. The composite observed infrared spectrum of biphenyl: A, in CCl, solution 
using NaCl optics (the resolution in the region 2500-3500 em~' is that obtained with 
LiF optics); B, in CS, solution using NaCl optics; C, CCl, solution using a AgCl cell 
and a CsBr prism. 


cm 


ry 


Fig. 4. The composite observed infrared spectrum of biphenyl-d-10: A, in CCl, solution 

using NaCl optics (the resolution in the region 2000-2500 cm~' is that obtained with 

LiF optics); B, in CS, solution using NaCl optics; C, in CCl, solution using a AgCl cell 
and a CsBr prism. 


The infrared spectra of biphenyl and biphenyl-d-10 have been reported by 
LANDSBERG et al. [9]. The results obtained here are in essential agreement with theirs, 
1 


but several more bands have been observed above 300 cm 

The spectra in the region 650-2700 cm~' were obtained in both carbon tetra- 
chloride and carbon disulfide on a Beckman IR-4 double beam spectrometer using 
sodium chloride optics. Spectra in the other regions were obtained with a modified 
Perkin-Elmer 12C single beam, double pass spectrometer using the appropriate 
optics for the region under consideration. The spectra in the region 2000-4700 em~! 
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Table 1. The observed vibrational spectra of bipheny! 


Assignment 
Infrared Raman (freq. nos.) Description 


4628 17 +54 B,, 
4588 
4552 
4328 
4045 
3993 


+ 


to bo te 


+ 


3198 m 


3147 
3086 


+ 


stretches 
stretches 
stretches 
stretches 
stretch 

3031 w q 'H stretch 

3009 w : 


3083 w 
3067 
3052 m-s 


3038 


2982 
2932 : 
2882 
2798 


2762 


2617 
2599 
2593 
2549 
2315 : 
2257 
2230 
2201 
2148 
2086 vw 
2018 w 
1985-90 


m-—s, b 
1961s 
1945 


1919 
1900 
1886 8 
1869 s 
1822 
1805 
1770 
1760 
1696 
1667 


1645 
1623 
1608 v CC ring ()) 
CC ring ()) 


: 
| | 18 | A, 
B,, 
sh 
vw 6+40 By, 
20441 B,, 
| 4+43 By, 
2737 w 44454 By, 
40 +57 B,, VOLe 
10+40 B,, 15 
4+58 By, 1040 
11+54 B,, 
21445 
11455 B,, 
9+42 By, 
43448 B,, 
26 +43 
21+49 B,, 
13 +22 By, 
10 +59 By, 
19+ 29 By, 
20 + 46 
32 +59 B,, 
1937 vw 48 A, 
1923 vw 7+33 B,, 
12+32 B,, 
nos 10 + 26 By. 
7+60 
13 +23 B,, 
n 33 +57 
n-s 
n 10 +27 B,, 
| 6+30 By, 
m | 28 +48 By, 
1648 vw 30 +44 B,, 
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Table 1 contd.—The observed vibrational spectra of bipheny! 


phenyl 


Infrared 


969 w 


919 m 
904 vs 
881 vw 


876 vw 
841 m 


Raman 
1583 vs 


1513 vw 
1497 m 
1493 w, sh. 


1448 w 


879 vw 


733 m 


Assignment 
(freq. nos.) 


54, 4 
27 +33 
28 +49 
31442 

+36 
10 +30 


26 
30 + 50 
60 +47 
14 +36 

13 

49 
31434 

6 — 36 

27 

33 
45 —25 

60 

ll 


Description 


CC ring ()) 


CC ring 


CC ring 
CC ring ()) 
CC ring ()) 
ring 


Ring-ring stretch 
B,, 


Bs, 
CH bend ())) 
CH bend 
CH bend 
CH bend (||) 
CH bend (||) 
By, 


( bend 
CH bend 


bend 
CH bend 
CC ring ()) 

CC ring 

Ring breath 
Ring breath 

By, 

CH bend (.) 
CH bend (.) 
CH bend (.) 
CH bend (.) 


CH bend (.) 
CH bend 
Bs, 

By, 

CH bend (.) 
CH bend (.) 
By, 

CC ring (||) 
CC ring (||) 


1583 m 
1549 w Bs, 
1527 vw By, 
B,, 
1497 vs 
By, 
1478 w, sh. B,, 
19 
1440 vs 41 
1397 m 42 
1357 vw 20 
1350 w 14+32 By, 
1316 w-m 1316 vw 33 + 60 B,, 
27 +29 B,, 
1290 w 37 +57 B, 
: 
1274 m 11+29 
1250 w : 
; 1235 vw 28 +29 
1185 m 21 
1182 m | 53 
5, 1162 m 44, 56 
ca | 1151 m 7 
1145 w, sh. 22 
1110 w 47+48 
; | 1082 vw 2 x 60 
1077 vs 45 P| 
1046 s 57 
1034 vw 
1032 w-—m 23 
1025 m-s 
1019 w, sh. 9 
1012 vs 58 
996 vs 10 
993 m 59 
985 vw 60 +37 
970 w 48 
12 
955 w 32 
Bs, 
| = | 
834 w 
813 w 
802 w 
778 8 
770 w, sh. 
738 vs 
631 
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Table 1—contd. The observed vibrational spectra of biphenyl 


Assignment 
Infrared Raman (freq. nos.) Description 
719 w 31+46 B,, 
712 w, sh. 9 —25 By, 
696 w 34 CC ring (.) 
695 vs 28 CC ring (.) 
670 s, sh. 35 +47 By, 
636 vw 37 +50 By, 
618 w 30 +47 B,, 
606 s 606 m 46, 24 CC ring (||) 
75 w 57 —36 B,, 
543 vs 29 CH bend (.) 
531 m 35 CH bend (1) 
512 m, sh. 31 +50 By, 
Gee 487 vs 30 CC ring (.) 
470 m 36 CC ring (1) 
ay 430 w 11-2! B,, 
407 w 22-11 B,, 
399 m 14 CC ring 
397 m 50 CC ring (.) 
390 w, sh. 34 —25 By, 
= 349 w 13 —30 By, 
: 302 m 25 Ring-ring shear (||) 
244-52 w, b 37 Ring-—ring shear () 
2x 31 A, 
By, 


8, strong; m, medium; w, weak; v, very; b, broad; sh, shoulder; (||), in-plane; (1), out-of-plane. 


were obtained in carbon tetrachloride solution in a sodium chloride cell and using a 
lithium fluoride prism. The 300-650 cm~' region was studied by using a silver chloride 
cell containing a solution of the sample in carbon tetrachloride and using a cesium 
bromide prism. 

The observed spectral lines are listed in Tables 1 and 2 and the composite spectra 
are reproduced in Figs. 3 and 4. 


Di 

In the analysis of the spectra of biphenyl, one must consider three possible 
symmetry classifications: D,,, D,,, and C,. Bauman [19] has shown that a free or 
nearly free rotator will give rise to selection rules at least as rigorous as those of the 
most symmetrical classification possible. In the case of biphenyl this is the D,, or 
D,, classification. Selection rules will then allow one to determine which symmetry 
biphenyl! possesses. They will not, however, allow one to choose between a rigid D,, 
model and a slightly hindered rotator. In principle, one can choose between these 
two possibilities by a comparison of the spectroscopic thermodynamic functions 
with those obtained calorimetrically. 

In Table 3 the selection rules for the three models are tabulated. The D,, model 
predicts thirty Raman active vibrations and twenty-six infrared active vibrations. 


(19) R. P. Bauman, J. Chem. Phys. 24, 13 (1956). 
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Table 2. The observed vibrational spectra of biphenyl-d-10 


Infrared 
4454 m 


3245 m 
3228 m 


3052 m 


2964 vw 
2926 w 


2870 w 
2858 w 


2390 m 
2307 s 


2287 vs 
2276 vs 
2255s 


2242 m 
w 


1818-27 w, b 


1746 vw 
1708 vw, sh. 
1690 w 


1657 vw 
1641 vw 


1623 vw, sh. 
1609 w—m 
1578 vs 


1542 w—m 


1528 w 
1490 w 
1448 m-s 


1420 w 
1409 m-s 
1392 w, sh. 
1382 s 


Raman 


3273 w 


3083 w 


2786 w 


2260-90 s, b 


2244 m, sh. 


2176 w 


1664 vw 


1571 vs 
1551 m 


1531 w 


Assignment 
(freq. nos.) 


52+58 


10+39 
12+38 
39 +23 
39, 52 
11417 
11+39 
39 +49 
46 +52 
24+52 
24439 
35+ 16 
38, 51 

1, 16 (2290) 

2, 17 (2285) 

3 (2275) 

52 


19 + 50 
10 + 26 


60 +23 


8 +29 


Description 


lu 


CD stretches 
CD stretches 
CD stretches 
CD stretch 
CD stretch 
CD stretch 
CD stretch 


CC ring (||) 
CC ring 
CC ring 
CC ring 


A, 
B,, 
B.. 
| 2974 w By, 
By, 
2875 w B,, 
= 
B,, 
53 
5+21 By, 
19+43 Bs, 
7+55 Bs, 
60 +54 B,, 
8 +58 Bs, 
10 +44 Bu 
21 +56 By, 
8 +56 Bs, 
7 +57 By, 
6 +60 Bs, 
1631 w 2x 45 A, 
114+43 B, 
40 
: 
1555 w—m 54 
4 
8 +26 By, 
28+58 B,, 
11457 Bs, 
7 +60 By, 
24444 By, 
1429 m 23 +33 By, 
35 +43 Bs, 
1370 w 
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Table 2—contd. The observed vibrational spectra of biphenyl-d-10 


Assignment 
Infrared Raman (freq. nos.) Description 
1353 vs CC ring ()) 
1335 m CC ring ()) 
1330 m-s CC ring 
1326 w, sh. Bs, 
1320 m CC ring (|) 
1307 w 2 By, 
1296 w y B,, 
1290 vw q By, 
1272 m y CC ring 
1269 w—m 2 CC ring 
1226 vw By, 
1218 m : By, 
1204 w—m By, 
1182 vw 37 + 59 By, 
1179s 6 Ring-ring stretch 
1151 m 35 +49 By, 
1121 11+30 B,. 
1093 w 35 +46 By, 
1074 vw 2x 34 A, 
1013 vw 37 +23 B,, 
1010 w 12 +37 Bu 
998 vw 34 +29 B,, TOT 
990 w, sh. vee 
986 s 58 CC ring ()) 15 
1959 


973 vw 30 +34 Bs, 
967 m, sh. 9 CC ring ()) 


966 
956 3 +2! By, 

955 s Ring breath 
952 { Ring breath 
938 vw 5 By 

922 s CD bend ( 
913s 913 w 56, 2 CD bend ( 
908 w, sh. 3: B,, 

865 m a CD bend ( 
863 CD bend ( 
843 CD bend 
838 m CD bend ( 
830 
825s 
SIS vs CD bend ( 
CD bend (4 
CD bend ( 
783 CD bend 
CD bend (.) 
769 
762 


7468 
739 
717 
705 
CC ring ()) 
660 3,2 CD bend (.) 
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Table 2—-contd. The observed vibrational spectra of biphenyl-d-10 


Assignment 
Infrared Raman (freq. nos.) Description 
A, 
652 m, sh. ( CD bend (.) 
646 8s 3: CD bend (.) 
CC ring 
593 w 
CC ring 
585 w CC ring 
553 vs : CC ring (.) 
539 w CC ring 
CD bend (.) 
485 m-s 
f : B,. 
462 vs 2¢ CD bend (.) 
435 vs : CC ring (.) 
By, 
CC ring (.) 
CC ring (.) 
B,, 
vw 2: Ring-—ring shear (|) 
42 m, b Ring—ring shear (.) 
Lie 
Z. 8, strong; m, medium; w, weak; v, very; b, broad; sh, shoulder; (||), in-plane; (1), out-of-plane. 


Table 3. Selection rules for bipheny! for the D,,, D,, and C, point groups 
(after HERZBERG [20}) 


Point group Vibrational species Number of vibrations Activity 


A, 11 
A, 
B,, 

lu 


20 
By, 
B,, 


C; 


R= Raman, IR =infrared, — = inactive. 


[20] G. Herzserc, Infrared and Raman Spectra of Polyatomic Molecules. Van Nostrand, New York 
(1945). 
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A, 3 
B, 4 R 
B, 10 R, IR 
E 16 R, IR 
| A 28 R, IR 
B 32 R, IR . 
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Since the model possesses a center of symmetry the “rule of mutual exclusion” 
should hold and there should be no coincidences between the two spectra. The D,, 
model predicts twenty-six infrared active vibrations all of which will also occur in 
the Raman spectrum. The C, model predicts a total coincidence between the infrared 
and Raman spectra with sixty vibrations occurring in each. 

The vibrational spectra of benzene and the deuterobenzenes were first assigned 
by Incoxp et al. [21]. Minor improvements have been made since then and the 
availability of extremely pure samples has allowed MILLER [22] to make what is 
generally regarded as a final assignment for both benzene and hexadeuterobenzene. 


The monosubstituted benzenes which have been assigned include deuterobenzene [21] 
and fluorobenzene [23-25]. 


Fig. 5. Schematic modes of vibration for the six non-benzene type frequencies of bipheny]: 
(1) torsion; (2) out-of-plane scissoring; (3) out-of-plane shearing; (4) in-plane shearing; (5) 
in-plane scissoring ; (6) ring—ring st retching. 


As a first approximation one may consider biphenyl as two benzene molecules, 
each of which has one hydrogen removed. The observed frequencies would then be 
expected to be similar to those of benzene except that six new C—C modes will replace 
the three C—H modes from each benzene molecule. These six vibrations may be 
considered as ring-ring modes and will not correspond to any observed fundamentals 
of benzene. Assuming a D,, model, these ring-ring vibrations may be described as 


K. C. R. Bariey et al., J. Chem. Soc. 222 (1946). 
A. Mituer, J. Chem. Phys. 24, 996 (1956). 
. R. Nrevsow et al., J. Chem. Phys. 21, 1727 (1953). 

W. Scorr et al., J. Am. Chem. Soc. 78, 5457 (1956). 

(25) D. H. Warrren, J. Chem. Soc. 1350 (1956). 
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follows: the inter-ring stretch, the in-plane and out-of-plane scissoring modes, the 
in-plane and out-of-plane shearing modes and the internal rotation (see Fig. 5). The 
approximate magnitude of the shift of the frequencies from those of benzene and, 
more especially, the expected splitting of the benzene degeneracies, may be obtained 
from a study of the monosubstituted benzenes. 


To a first approximation fifty-four of the normal modes of bipheny! will be similar 
to twenty-seven of the normal modes of benzene. The three remaining normal modes 
of benzene are those which give rise to the six new biphenyl vibrations. In these 
fifty-four normal vibrations each ring vibrates in the same manner as the correspond- 


ing benzene normal vibration. For a D,, model vibrations antisymmetric to the center 
of symmetry occur in the infrared spectrum and vibrations symmetric to the center 
of symmetry occur in the Raman spectrum. The vibrations thus occur in pairs. 
Each pair corresponds to a single benzene vibration and the individual vibrations 
within a pair differ only in their symmetry with respect to the center of symmetry. 
If there were no interaction between the rings, or if the interaction were the same for 
both types of vibrations, they would be expected to coincide in the two spectra 
despite the rule of mutual exclusion. Therefore coincidence might be expected in 
some cases even with a D,, model, but it is unlikely that there would be complete 
coincidence. 

The most striking feature of the observed spectra is their relative simplicity. 
This must be regarded as evidence against the C, model. Furthermore, the fact that 
many lines do not coincide in the two spectra is inconsistent with the predictions of 
a (, symmetry. 

On the other hand, the infrared spectra is not satisfactorily explained by the D,, 
model. All infrared bands should appear in the Raman spectrum, and there is a 
lack of coincidence with approximately half of the observed infrared bands. 

It is true that some coincidences between the two spectra do occur. This is to be 
expected for any model, however, owing to the similarity of the corresponding 
vibrations. 

The observed spectra fit the selection rules of a D,, model quite well, however, 
and therefore it must be concluded from both the foregoing discussion and the work 
of Aziz [10] that the D,, and C, models are unlikely to be correct. The assignment 
has therefore been made on the basis of a D,, model. 

The assignment of frequencies was made with the aid of those of benzene [22], 
hexadeuterobenzene [22], monodeuterobenzene [21] and fluorobenzene [23]. The 
latter two show that the benzene degeneracy splits upon substitution and that there 
is a shift in the benzene frequencies upon substitution. The magnitude of both the 
splitting and the shifting in biphenyl are similar to those of deuterobenzene and 
fluorobenzene. These are such that they may be explained as primarily mass effects 
and do not necessarily imply a resonance interaction between the rings. 

The position of the inter-ring stretching vibration, assigned in the Raman spectrum 
at 1275 em~', indicates a bond considerably stronger than the usual aliphatic C—C 
bond. This is to be expected, since aliphatic C—C bonds are formed by two sp’ 
orbitals, while the inter-ring bond in biphenyl is formed by two sp* orbitals, which 
are known to give stronger bonds. Further support of this reasoning is given by 
Kovner [8], who assigns the aliphatic-aromatic C—C bond stretching frequency in 
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toluene to the band at 1211 cm~', a position of absorption typical of monoalkyl- 


substituted benzenes. 

The remaining five C—C vibrations in biphenyl which do not correspond to benzene 
vibrations present some difficulty. The two ring-ring shearing modes are expected 
to be low and are found in the Raman spectrum. However, the two ring—ring scissoring 
vibrations are low in the infrared and could not be observed with the available 
instrumentation. Kovner [8] has assigned these two frequencies, however, and 
his assignment was used. The internal rotation is inactive in the D,, model. 


Fig. 6. Variation of frequency of absorption with change in mass of », and »,, of biphenyl, 
and the corresponding frequencies of benzene (v, and v,,). 


A rather interesting anomaly arises in the application of the non-crossing rule 
in species A, and B,,. (See Tables 5 and 11 for the assignments.) Kovner did not 
violate this rule in his assignment. If one assigns biphenyl and biphenyl-d-10 in a 
manner consistent with the assignment of benzene and benzene-d-6, one is forced 
either to violate the rule, or to assume that eight vibrations of biphenyl change their 
character upon isotopic substitution. Furthermore, this benzene-consistent assign- 
ment is the only reasonable one on the basis of relative intensities. Thus, the strong 
Raman line at 955 em~' in biphenyl-d-10 must be assigned as the ring breathing mode, 
V;o. because of its intensity. Its position is also consistent with the ring breathing 
mode of benzene-d-6. However. one is forced to assume that if one could change the 
mass continuously while studying the absorption frequencies, one would find that 
this vibration was originally the in-plane C-—-H bending mode, v,, which occurs at 
1025 em~! in biphenyl. Likewise, v,, of biphenyl becomes v, of biphenyl-d-10. A 
similar assumption is made with the other six vibrations (v,, vg; It 
is interesting to note that throughout this changing of modes, the observed bands 
remain consistent with those of benzene and benzene-d-6. The benzene in-plane C—H 
bend corresponding to that in biphenyl at 1025 cm~' occurs at 1037 em~! and, in 
benzene-d-6, drops to 814 em~'. In biphenyl-d-10 a corresponding band occurs at 
838 cm~!'. Yet this latter band must have its origin in the ring breathing mode of 
biphenyl at 996 cm~'. This striking correspondence with benzene may be explained by 
a graph of frequency vs. mass. Fig. 6 shows that the repulsion between v, and v4, is 
such as to give the same observed frequencies as those expected of crossing. The two 
benzene frequencies are allowed to cross as they occur in different species. 
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This situation concerning the non-crossing rule has arisen before with pyrrole [26] 
and nitromethane [27]. Lorp and MILLER have given a general discussion of this type 
of effect while illustrating the effect of mass on group frequencies {28}. 


Table 4. Observed and calculated product rule ratios for biphenyl! and biphenyl-d-10 
for a Dey model 


Species Obs. ratio Caled. ratio 


0-178 0-177 
By, 0-196 0-187 
0-377 0-365 
B,, 0-389 0-372 
By, 0-192 0-182 
B,, 0-556 0-549 


0-185 0-182 


The product rule of Redlich and Teller was applied to the species of the D,, 
model. In calculating the moments of inertia, a coplanar molecule was assumed and 
the bond distances used were: C—H, 1-09 A, C—C, 1-40 A, and C—C!, 1-48 A. There 
is a slight disagreement concerning these bond distances by various investigators 
{1-3, 6, 7]; however, the error brought about by using these assumptions should be 
small. The results are tabulated in Table 4 and are all within the expected limits of 
difference [29]. The species A, is not included owing to the fact that v,, could not be 


observed. 
Frequency assignment 

KovNER’s assignment has been tabulated with our assignment throughout for 
comparison, and a discussion of differences is presented. No comparison may be drawn 
between Kovner’s assignment and that listed for benzene since he did not correlate 
his frequencies with those of benzene. A comparison of LANDSBERG’s results with 
those obtained here show several bands which were observed here that were not 
observed by LANDsBERG. In addition, there are several bands which LANDSBERG 
reported which have here been resolved into two or more bands or into bands with 
definite shoulders. Furthermore, a study of the 350-700 cm~! region in the infrared 
spectrum has been made here. KovNeEr states that data in the region below 700 em~! 
were unavailable for his assignment. KovNeR has carried out a normal co-ordinate 
analysis on the basis of available data and has calculated the theoretical value of all 
1 


frequencies with an estimated error of 30-40 em 


1. Species A, (Raman active) 

Species A, is the totally symmetric species of the D,, model and contains eleven 
frequencies. These are Raman active and are polarized. Partial polarization studies 
of biphenyl have been made by Fruuiine [14]. There are three C—H stretching 
vibrations which occur in this species. The polarization has not been reported in the 
CH stretching region, but only three bands have been observed in this region. 


.C. Lorp and F. A. Minier, J. Chem. Phys. 10, 328 (1942). 
P. Wirson, J. ¢ hem Phys ll, 361 (1943). 

[28] R. C. Lorp and F. A. Mitier, Appl. Spectroscopy 10, 115 (1956). 
F. Hatverson, Rev. Mod. Phys. 19, 87 (1947). 
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Therefore, these three are assigned in this species by analogy with benzene. The choice 
of the benzene frequency to which each of these vibrations corresponds was governed 
by the choice of C—H stretching frequencies in species B,, and is discussed in greater 
detail there. The C—D stretching region showed only one broad band which could 
not be completely resolved. The numbers representing these fundamentals were chosen 
by analogy with benzene except that for v,. v, was chosen at 2285 cm~! to avoid violation 
of the non-crossing rule. This is recognized to be quite arbitrary, especially in view 
of the foregoing arguments concerning this rule. In any case, the possibility of v, 
occurring at about 2265 cm~! does not affect the product rule ratio significantly and 
must be considered a definite possibility. 

There is one double bond frequency in species A,, v,. The polarization factors, p, 
for the 1603 cm~' and 1583 em~' bands are reported to be 0-8 and 0-7 respectively. 
On this basis, the 1583 cm~' band was chosen as v, and the lower of the two bands at 
1571 em~' and 1551 em~' in C,,D,, was chosen as v, of the isotopic molecule. KOvNER’s 
assignment of the double bond frequency is the reverse of this assignment, but the 
totally symmetric double bond stretch in both deuterobenzene and fluorobenzene has 
been assigned to the lower of the two frequencies observed in the expected region. 

The medium band at 1497 em~! is polarized and has been assigned as v, in C,H). 
The band at 1335 cm~' in C,,D,, is medium, and is more consistent with the assignment 
of C.D, than would be the medium band at 1429 cm~' which KovNER assigns as v5. 

The assignment of v, at 1275 em~' in biphenyl and 1179 em~! in biphenyl-d-10 
seems unambiguous owing to the intensities. There is no corresponding band in 
benzene and the band in biphenyl! has a p-value of 0-3. 

v; has been assigned to the 1151 em~' band in biphenyl because of the polarization 
data. The p-value has not been reported, but the band is reported to be polarized. 
On the other hand, the 1185 em~' has been reported to have a p-value of 0-9. The 
assignment of v; in C,,.D,, at 865 cm~! is consistent with benzene and also with 
intensity data. Kovner’s assignment at 960 cm~' (corresponding to the band at 
955 cm~! obtained here) is consistent with the non-crossing rule, but inconsistent with 
intensities, since it is a very strong band. This results in a different assignment by 
Kovner for v, and v, in C,,.D,., although the same frequencies are assigned in 
species A,. 


The assignment given here of v, in both compounds is consistent with that of 
benzene and benzene-d-6. The 1025 em~! band in biphenyl has a p-value of 0-1. 


This assignment of vy, in both compounds is consistent with the benzene vibrations. 
The medium band at 302 cm~! in biphenyl has been reported as polarized, although 
no p-value is given. KovNer has thus assigned the 302 cm~! band in biphenyl as 
corresponding to the 606 cm~! band in benzene. It is felt that this represents too 
great a shift of frequency from benzene and therefore the 733 cm~! band (p-value 
of 0-2) has been here assigned to this benzene frequency. 

The assignment of the ring breathing mode »,, is consistent with that of benzene. 
This vibration should give a very strong band in the Raman spectra, and therefore 
must be assigned at 955 em~! in C,.D,, as this is the only band whose intensity and 
position are both reasonable. It is felt that KovneEr’s assignment of v,, vg, and v4, in 
C,.D,, has been dictated by a too strict adherence to and interpretation of the non- 
crossing rule. This leads to an assignment inconsistent, in part, with both the benzene 
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assignment and relative intensities. An attempt has been made to overcome these 
inconsistencies in this assignment, using the theoretical justifications discussed in 


the preceding sections. 


Table 5. Assignments for species A, (Raman active) 


Corresponding 
C,H, and C,D, KOVNER Ci 2D jo 
frequencies 


Freq. 
no. 


3080-2287 3083 2290 
3047-2266 3052 3060 sees} 
3062-2293 3031 2275 
1596-1553 1583 1611 1551 
1485-1334 1497 1504 1335 
1275 1280 1179 
1178-868 1151 1185 865 
1037-814 1025 1032 838 
1010-964 1019 967 
992-944 996 1003 955 
606—578 733 742 690 
315 


2. Species B,, (Raman active) 

The choice of C—H stretching frequencies v,, and v,, is rather arbitrary. The 
benzene frequencies are doubly degenerate and so give rise to two frequencies in the 
Raman spectrum and two frequencies in the infrared spectrum of biphenyl. Of these 
four frequencies, two belong to species A, and two to species B,,. The choice of the 
two frequencies at 3083 cm~! and 3052 cm~ for the two B,, C—H stretching frequencies 
was made because they give a closer correspondence to benzene than the 3031 em-! 
band. Most of the other frequencies in species B,, also give a slightly closer corre- 
spondence to benzene than do those in species A,. 

The assignment of v,, in both biphenyl and biphenyl-d-10 was controlled by the 
assignment of », in species A,. Both the reasons for this assignment and the 
discussion of KOVNER’s reversal of this assignment were discussed there. 

The assignment of v,, in biphenyl is controlled by the assignment of v, in species A,. 
It is the only band of reasonable intensity in the expected position. The position 
represents a drop of about 30 em~' from the corresponding benzene frequency and it 
is felt that the assignment of v,, in biphenyl-d-10 at 1320 em~!, a drop of about 15 em~! 
from the corresponding frequency of benzene-d-6, is more valid than KovNErR’s 
assignment which is a shift of about 10 cm~! up from benzene-d-6. 

There appears to be a good deal of difficulty in the assignment of v.). The corres- 
ponding benzene frequency is a C—C ring mode which occurs at 1310 em~'. Kovner 
has assigned this band as a C—H mode, however, as his corresponding assignment for 
biphenyl-d-10 is much too low to have arisen from a C—C mode. Apparently he 
assigns the C—C mode to the unobserved but calculated position of 1670 cm-!. This 
is quite inconsistent with the assignment of benzene. The corresponding band of 
benzene-d-6 occurs at 1287 cm~' and the occurrence of a medium band at 1272 em-! 
in the Raman spectrum of biphenyl-d-10 could best be explained as vg). This would 
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indicate that v4, be assigned as the 1357 em~' band. This is made somewhat more 
reasonable by the fact that the corresponding infrared band, v4, (species B,,,), occurs 
at 1397 cm~'. It must be concluded, however, that an uncertainty remains in the 
assignment of this vibration. 

The assignment of »,, at 1185 em~' in biphenyl is consistent with benzene. The 
assignment of this frequency in biphenyl-d-10 at 913 cm~' is reasonable, although 
slightly high with respect to benzene-d-6. KovNer has made no assignment in this 
region in species B,,, apparently assigning this C—-H mode at 1326 em~'. He has 
assigned the 1185 em~' band in biphenyl to species A,. A further discussion of this 
assignment was made there. It is likely that he was forced to make these changes with 
these C—H modes because LANDSBERG had not observed the 1145 em~! band in 
biphenyl. This band has here been assigned as v.. and is expected from the benzene 
assignment. The assignment of v., in biphenyl-d-10 at 865 cm~' is also consistent with 
benzene-d-6. It is assumed that v,, is accidentally degenerate with v, in biphenyl-d-10 
as this seems the only reasonable assignment. The fact that the two frequencies are 
only 6 cm~! apart in biphenyl and are both expected to drop about the same amount 


lends support to this assignment. 

The assignment of v,, for both biphenyl and biphenyl-d-10 is consistent with the 
assignments for benzene and benzene-d-6. It is likely that Kovner was forced to 
resort to the 1090 em~! band in biphenyl! for this vibration because LANDSBERG was 
unable to resolve the 1019-1025-1032 em~! triplet which was observed here. 1032 cm~! 
seems a better choice for y,, not only in terms of position, but also in terms of intensity. 

There is essential agreement for v,, with both Kovner and the assignment for 


benzene. 


Table 6. Assignments for species B,, 


Freq. | Cor re sponding | 
C,H, and C,D, | CysH ie KOVNER yo KOVNER 
| frequencies 
| . | . 
17 3047-2266 3052 2285 
1670* 1589* 
Is 1596-1553 | 1603 1592 1571 1566 
19 1485-1334 14458 1452 1320 1345 
20 «CO 1310-1287 1357 1326 1272 1070 
2 1178-868 1185 913 
22 | 1152-838 1145 1156 865 872 
23 1037-814 1032 1090 784 835 
24 606-578 | 606 611 585 589 
5 | 368+ 


* Calculated frequencies. 
+ Observed by MuKerysi et al. [16, 17}. 


KovNER’s assignment of y,, at 368 cm~! seems unlikely. This band was not 
observed in this work nor did LANDSBERG observe it. It was observed by MUKERJ1 
[16,17] but has not been observed by other workers [13-15]. A mercury line is 
present in the spectra obtained here at this position, however, and would mask this 


line if it were present. As was mentioned before (species A,), it is felt that the 302 em~! 
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line is too low to be correlated to any benzene frequency. v,, is the in-plane ring—ring 
shearing vibration and would be expected to be quite low. It is therefore felt that 
va, is a better assignment for the 302 cm~! band than »v,,. The assignment of v,, of 
biphenyl-d-10 at 297 cm~! represents a very small drop in frequency, but it is noted 
(species B,,) that the out-of-plan ring-ring shearing mode, v3,, also drops very little 
upon isotopic substitution and the assignment of v,, seems fairly certain, 


3. Species B,, (Raman active) 


The arguments applied in favor of the assignment in this species are, in many 
vases, similar to those applied in species B,,,, the corresponding infrared species. 

The very weak Raman line at 897 cm~! observed by LANDSBERG (intensity 0) in 
biphenyl was not observed here. The 780 cm~! line in biphenyl-d-10 (LANDSBERG 
reports intensity }) was observed and has been previously assigned (species B,,). 
The inclusion of this frequency would force the exclusion of the medium band in 
biphenyl at 470 em~!, which LanpsBere did not observe. This band is expected, 
however, from a comparison with benzene and monosubstituted benzenes. Further- 
more, the corresponding band occurs very strongly in the infrared at 487 em~!. 

The assignment of the 980 cm~! band in C,,H,, to this species by KOvNER is as 
consistent with benzene as the assignment at 955 cm~! made here, but the product 
rule ratio in species B,, forces the assignment of the corresponding band observed at 
970 cm~! to that species. Since there are only three bands in that species, the product 
rule serves as a very effective check of the assignment. Furthermore, the assignment 
of vz, at 775 em~' in biphenyl-d-10 is much more consistent with an assignment at 
955 em~' for biphenyl than either 897 or 980 cm~!. Therefore it would seem that the 
assignment of v,. in biphenyl-d-10 at 775 cm~, a slight drop from benzene-d-6, would 
make the assignment in biphenyl at 897 cm~! a relatively much larger drop from 
benzene, or 980 cm~', a shift up from benzene, unlikely. 

The assignment of v,, is similar to the assignment of v,, in species B,,, in that there 
is a shift from benzene for the biphenyl assignment but no appreciable shift from 
benzene-d-6 for the assignment of biphenyl-d-10. An assignment for biphenyl at 
802 cm~! would represent a smaller shift from benzene and must be considered a 
possibility, especially as it cannot be explained in a completely satisfactory way by a 
combination or overtone. It is felt that the assignment at 775 cm~' offers a better 
internal consistency for the overall assignment, however, corresponding to the 
assignment of v,,; in the infrared to the strong band at 778 em~'. 

The assignment of v,, is quite consistent with benzene and benzene-d-6, but the 
assignment of v,, represents a rather large shift. This difficulty has been mentioned 
later in connection with the assignment of v,,. The corresponding benzene vibration 
occurs at 673 cm~!. On the basis of intensities and benzene correspondence there would 
seem to be four possible assignments, 733, 696, 606 and 531 cm~'. However, the band 
at 733 cm~! is polarized and must be assigned in species A,. The only way found to 
fit the remaining three bands consistent with the product rule ratios was the present 
assignment. It is noted that the 696 cm~! band also has been assigned in this species 
(v,,). However, the reversal of the assignment of v,, and v,; would lead to an even 
greater shift from benzene since the benzene vibration corresponding to vz, occurs at 
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703 cm". The 606 cm~!' band must be assigned to species B,, to obtain results con- 
sistent with the product rule. Therefore, one is forced to the conclusion that the 
most consistent assignment available is the present one. 

Kovner makes no assignment in the region of vs, assigned here. The intensity of 
the 470 cm~! band makes an assignment as fundamental vibration seem likely, how- 
ever, and the shift from benzene is probably not too great (65 cm~'). The low intensity 
of the 393 cm~' band is not completely consistent, but its position is consistent with 
the shift in biphenyl. 

The position of v,, presents some inexplicable difficulties on the basis of available 
data. Owing to the intensity it is felt that the band observed by LANDSBERG at 
267 cm~! must correspond to the one here observed at 244-252 cm~! and similar 
correspondence is felt likely with the bands observed in biphenyl-d-10 at 248 cm~! by 
LANDSBERG and 232-42 cm~ here. This difference is certainly greater than experi- 
mental error, but there seems to be no clear explanation for it. The broad character of 
the bands observed is also difficult to explain. At any rate, v,,, being the out-of-plane 
ring-ring shearing motion, is expected to be low, and the assignment, regardless of 
the exact position, seems unambiguous. 


Table 7. Assignments for species B,, 


Freq. Corresp« nding 
C,H, and C,D, KOvNER KOVNER 
frequencies 
32 975-793 955 980 775 837* 
807 780 
33 850-662 775 780 646 652 
34 703-601 696 697* 539 540 
35 673-496 531 540 500 461* 
36 405-350 470 393 
37 246 267 248 


* Calculated frequencies, 


. Species B,, (Raman active) 


The assignments in this species are probably unambiguous. The product rule 
serves as an excellent check owing to the fact that only three vibrations occur in the 
species. Furthermore, the agreement of this assignment with both benzene and 
benzene-d-6 and with KovNer’s assignments is quite good. The assignment of v,, is 
quite close to the corresponding assignment for benzene and benzene-d-6. LANDSBERG 
did not resolve the 780 cm~! band observed in the Raman spectrum of biphenyl-d-10 
and so KovNER was forced to assign this band in both species B,, and B,,. A shoulder 
was observed at 790 cm~! here, however, and on the basis of relative intensities was 
thought to be a better assignment than the medium band at 784 cm~. 

The frequency v4, represents a shift of only 10-15 cm~! from the benzene assign- 
ments in both compounds and the agreement with KovNeEr is good. 

LANDSBERG has apparently not been able to resolve the Raman line at 407 cm~ in 
biphenyl. In this work a weak Raman line was observed at 407 cm~! and a medium 
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line at 397 cm~!, It seems more likely that the medium line is the desired fundamental 
on the basis of intensity alone. There is no explanation offered for the difference in 
observed bands in biphenyl-d-10. There was no band observed near 355 cm~ here and 
the difference is rather great to be experimental error. 


Table 8. Assignments for species B,, 


Corresponding 
C,H, and C,D, CisH KOVNER KOvVNER 
frequencies 


975-793 970 965 780 
850-662 834 838 652 
405-350 397 407 355 


5. Species B 


KOvVNER was confronted with a great deal of difficulty in assigning this species 
owing to a lack of available experimental data in the infrared below 700 cm~!. By 
the use of a cesium bromide prism the region between 350-700 cm—! could be effectively 
studied for this assignment and several strong bands were observed in this region. 
Moreover, these bands may be fairly readily correlated with observed Raman bands, 
just as the infrared and Raman spectra may be correlated in other regions. 

A weak band was observed in the infrared spectrum of biphenyl at 969 em-! 
corresponding to KOVNER’s assigned 970 cm~ band in this species. It is felt, however, 
that this band can be better assigned as v,,, an assignment consistent with the corre- 
sponding Raman active vibration, v,,. Further evidence of this is the weak character 
of the line, a characteristic of observed bands which correspond to theoretically 
inactive vibrations. The assignment of the 543 cm~ line as v,, represents a greater 
than usual shift from benzene, but the intensity of this band demands its assignment 
as a fundamental. 

The band at 904 cm~! in biphenyl is very strong and must be assigned to a 
fundamental vibration. It is assigned as v.,, although it represents a fairly large shift 
in frequency from benzene. This fairly large shift in frequency from the corresponding 
frequencies of benzene is characteristic of the vibrations in this species. The assign- 
ment of v,, of biphenyl-d-10 at 705 cm~' represents a larger shift from benzene-d-6 
than the “‘light’’ molecule from benzene. Although a strong band was observed at 
746 cm~!, the band assigned by Kovner to this vibration, the product rule ratio did 
not allow this assignment here. 

The assignment of v,, in biphenyl-d-10 is consistent with that for benzene-d-6, but 
represents a shift from benzene for biphenyl. Kovner has assigned 740 cm~ for this 
frequency, but this is inconsistent with his Raman assignment. Since the Raman 
band at 733 cm~ is polarized and must be assigned as v,,, the corresponding infrared 
active vibration should probably be assigned to a band in the same region. It is 
therefore felt that this band is better assigned to vg. (species B,,,) and the strong band 
at 778 cm~! be assigned as v,,. 

The assignment of v,, of biphenyl-d-10 represents a rather large drop from 
benzene-d-6, while v,, for biphenyl is close to v, of benzene. Here again the product 
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rule ratio requires that »,, be assigned at 553 em~! rather than 592 em~!. Further 
evidence for this assignment is the correspondence with the Raman assignment which 
indicates that the 592 cm~' band is better assigned to v,, (species B,,). 

The assignment of vy, of biphenyl at 543 em~' represents an unusually large shift 
from the corresponding benzene frequency. The band is very strong and must be 
assigned a fundamental character, but there are other possibilities for its assignment. 
The primary reason for this assignment as vy. was the necessity of assigning the 
corresponding Raman vibration, v,;, at 531 cm~' in the Raman spectrum. This 
necessity arose as a result of the polarizability data and the product rule ratios as is 
discussed further under species B,,. The v., assignment for biphenyl-d-10 does not 
represent as great a shift from benzene-d-6, but is consistent with v,, for biphenyl-d-10 
and furthermore appears to be the only likely assignment on the basis of actually 
observed bands. It is also very strong and must be assigned as a fundamental. 

As assigned, Vgq Tepresents a shift of about 80 cm~' from the corresponding benzene 
vibrations in both biphenyl! and biphenyl-d-10. This does not seem too great although 
most of the other vibrations do not shift as much. Kovner makes his assignments 
from combination bands and there were no bands observed in the region where he 
makes the assignment for biphenyl; v,, also compares well with the corresponding 
Raman frequency, 

The frequency v,, is the ring—ring out-of-plane scissoring vibration and is expected 
to be quite low. In some respects Kovner’s calculated value of 120 cm~! seems too 
low, but in any case the vibration must be nearly this low, as any assignment at a 
considerably higher frequency would lead to thermodynamic results inconsistent with 
those obtained calorimetrically. The frequency of vz, has been calculated from the 


observed ratio of v,, in the Raman spectrum, 1-06. The frequency v,, is the ring—ring 


out-of-plane shearing vibration and since there is a general correspondence thus 
obtained, 113 cm~' represents a better estimate for this frequency. 


Table 9. Assignments for species B 


Iw 


Corresponding | 
C,H, and C,D, CysH KOvVNER KOVNER 
frequencies 


970 832 

975-793 910 70: 750 
850-662 740 6601 
703-601 700 5D: 548) 

673-496 

405-350 4331 3: 340 

31 120* 105* 


| 


Calculated frequencies 
Estimated from Vs 
Calculated from combination frequencies. 


Species B,,, (infrared active) 


2u 

As in the Raman spectrum, only three definite C—-H stretching frequencies are 
observed in the infrared spectrum. Therefore, two of these frequencies must be 
accidentally degenerate with two other frequencies. The choice of vs, and vg in 
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biphenyl was made primarily by comparison with the Raman assignment in species 
B,.. 


resolution than did the Raman spectrum of biphenyl-d-10. It was therefore possible 


The infrared spectrum in the C—D stretching region possessed much better 


to assign definite bands to particular vibrations. In fact, one of the accidental 
degeneracies occurring in biphenyl was removed in biphenyl-d-10 as four definite 
bands were observed and assigned as fundamentals. This may be seen by comparison 
of the assignment of this species with that of species B,,,. There is a general consistency 
with benzene throughout. 

The disagreement with KovNer in various places throughout the rest of this 
species is essentially the same as that occurring in the corresponding Raman active 
species, B,,. Kovner has assigned this species consistent with his Raman assignment 
for species B,, and this same type of consistency has been presented by this assignment. 
Thus, of the two double bond frequencies observed at 1583 and 1608 cm~', the one at 
1608 cm~' was assigned in species B,,, only because this gave a better consistency with 
the assignment for species B,,. This has generally been the procedure for the assign- 
ment of vibrations v,, through v,,. In most cases there occurs only a slight shift in 
frequencies in the infrared spectra from those observed in the Raman spectra in both 
biphenyl and biphenyl-d-10. The largest shift from the Raman assignment occurs 
with v,,;, a shift of 45cm~'. The assignment of v,, for biphenyl-d-10 shifts in the same 
manner, however, and by about the same amount. 

KovNer has assigned v,, of biphenyl! at 140 cem~', corresponding to a band observed 
by Muxkersi. He has also assigned v,, of biphenyl-d-10 at 123 cm~'. Again, the 
thermodynamic functions require that this frequency be assigned at approximately 


Table 10. Assignments for species B,, (infrared active) 


Corresponding 
C,H, and C,D, KOvVNER KOvVNER 
frequencies 
3080-2287 3086 3074* 2304* 
3047-2266 3067 3000 2260 
1657 1580 
1596-1553 1608 1560 1540 
1485-1334 1440 1430 1320 
1310-1287 1397 1310 1010 
1178-868 1182 
1152—838 1162 1160 852* 
1037-814 1077 1070 840 
606-578 606 590t 
140§ 140§ 123 


* Calculated frequencies. 

+ Estimated from 

+ Calculated from combination frequencies. 
§ Observed by Muxkersi et al. [16, 17}. 


this position for biphenyl. This is the in-plane ring—ring scissoring vibration and would 
be expected to be quite low. However, the assignment at 123 cm~ for biphenyl-d-10 
seems too low. This assignment gives a frequency ratio of 1-14 and it is felt that this 
is too high. A similar case has occurred with v,, and is discussed in detail in regard to 
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the assignment of this frequency. Therefore, a procedure analogous to that used in 
the assignment of v,, for biphenyl-d-10 has been used for the assignment of v,,. The 
frequency has been calculated from the observed ratio of v,, (species B,,). This is the 


in-plane ring—ring shearing mode and corresponds to v,, in the infrared. 


7. Species B,,, (infrared active) 


The assignment of the C—H and C—D stretching frequencies, v,,, v5. and vss, 
were made consistent with the corresponding Raman frequencies in species A,. 
There is also a general consistency with benzene. The assignment of C—H stretching 
frequencies has been discussed in detail in species B,, and B,,. 

The assignment of v,, is quite consistent with the corresponding Raman active v,. 
LANDSBERG's observations in the double bond region of the infrared are quite different 
from those obtained here, however. He observes two bands in agreement with the 
results observed here, but Lanpspero’s bands are observed 20-30 cm~' lower than 
those here observed. The experimental error in this region is felt to be about 5 cm 
at the maximum which leaves this large difference in observed results unexplained. 

Frequency v,, is consistent throughout for both biphenyl and biphenyl-d-10. 
Here Kovnenr’s assignment for biphenyl-d-10 agrees with the assignment given here 
and represents a rather large difference from his assignment of the corresponding vs. 
The assignments of v,, through v,, represent another case of difficulty with the non- 
crossing rule. Once more KovNER made assignments in which frequencies drop by a 
great deal more than expected from a carbon-carbon ring mode. Thus v,, and vg, of 


Table 11. Assignments for species B,, 


| Corresponding 
| C,H, and C,D, KOvVNER KOvVNER 


| frequencies 


3080-2287 | SOS86 3068+ 2% 2297+ 
3047-2266 3067 3062+ 221 22927 
53 3062-2293 3038 3054+ 225% 2270 
54 1596-1553 1583 1580 Doe 1530 
55 1485-1334 1497 1480 35: 1350 
56 1178-868 1162 1180 Ol: GSO 
57 1037-814 1046 1040 950 
58 1010-964 1012 1010 SSO 
59 992-944 993 990 2 790 
60 606-578 738 590 \* 560* 


* Calculated from combination frequencies. 
¢t Calculated frequencies. 


biphenyl-d-10 seem much too low in Kovner’s assignment. This problem has been 
discussed in detail in species A, and the arguments for the present assignment have 
been presented there. These same arguments apply equally well to species B,,. In 
fact, the assignments of the two species would be expected to involve the same 
difficulties since the modes of vibration correspond. 

The assignment for v,,. for both compounds is consistent with the corresponding 
Raman active v,,. Kovner’s assignment of this frequency, while showing little shift 
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from benzene, does not agree with any bands assigned by him to species A,. The 
difficulty is perhaps again due to his lack of data in this region of the infrared. 


8. Species A, (inactive) 

The assignment of this species was made primarily from the corresponding Raman 
species (B,,) and by comparison with benzene. The position of the A,, frequencies 
should be quite close to those observed in B,, since the modes of vibration within the 
individual rings are the same. Both v,. and v,, are quite close to the frequencies 
expected from comparison with both benzene and species B,, in both biphenyl and 
biphenyl-d-10. Frequency »,, is also consistent with the B,, biphenyl assignment. 
The actual appearance of these bands in the infrared spectra as weak or medium 
bands is considered to be due to a breakdown in selection rules due to the fact that the 
spectra were observed in the liquid phase. The position assigned to v,, is consistent with 
that expected from C,D,, but the position of v,, seems too low. Frequency v,, is then 
considered to be accidentally degenerate with v,,. The assignment of v,, in C,.D,5 
must be considered doubtful. Unfortunately, a check on the assignment through use 
of the product rule cannot be made since v,,, the internal rotation, cannot be observed. 


Table 12. Assignments for species A, 


Freq. no. Corresponding CH and CD CypHyo 
frequencies 


975-793 969 
850-662 841 
405-350 399 
unobserved unobserved 


* Observed by Lanpsperc et al. 


Assignment of observed non-fundamental frequencies 


A large number of frequencies are observed which must be assigned as overtones, 
combination bands or difference bands. The large number of fundamentals in various 
regions of the spectra make the assignment of most of these bands fairly easy in terms 
of binary combinations or differences, or first overtones. In many cases there are 
several possibilities for assignment of a given band. In these cases a choice was made 
based on intensity and harmonic value. Combinations involving fundamentals of the 
greatest intensity and giving a harmonic value closest to the observed line were used. 

There remain several lines which could not be reasonably assigned by this 
procedure. These are probably ternary combinations of various sorts, but owing to 
the great number of possibilities, no attempt was made to assign them as such. 

Wherever broad bands were observed several combinations which would 
theoretically fall in the range of the band were listed. 

Youne et al. [30] and Warren [25] have assigned bands in the region 1600-1900 
em~! of aromatic compounds as combination tones or overtones involving C—H 
bending modes. Many of the assignments given here in this region are of that type, 
although not all observed bands in the region could be assigned in this manner. 


[30] C. W. Younes, R. B. Du Vatt and N. Wrieut, Analyt. Chem. 23, 709 (1951). 
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Thermodynamic functions 

The thermodynamic functions were calculated assuming free internal rotation 
and were compared with those obtained by calorimetric means [31]. These functions 
are tabulated in Table 13. The spectroscopic entropy at 528-4°K was found to be 
(0-21 cal /°K higher than the calorimetric value. This corresponds to a barrier hindering 
rotation of 1-2 kcal/mole. The accuracy of this figure is in doubt, however, owing to 
the uncertainty in the assignments of the very low v,, and v,,. These two frequencies 
affect the calculations a great deal and a small change in their assignment would lead 
to a relatively large change in the calculated entropy. For this reason the agreement 
with the calorimetric value cannot be regarded as proof that the assignment is correct. 


Table 13. The calculated spectroscopic thermodynamic functions of biphenyl 
at various temperatures 


H® —(F°—E*, T) 


300 39- 20-52 73°39 93-91 
| 26-90 80-16 1O7- 

500 33°31 86-90 
528-4 35-03 
600 3: 39-26 93-48 
700 . 44-73 
800 49-64 25 
900 O1-86 54-07 
1000 58-04 
1100 61-66 
1200 2-5 64-95 


[31] M. Roza, Boll. sci. fac. chim. ind., Bologna 2, 181 (1941); Chem. Abstr. 37, 42962 (1943). 
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Observations on the silicon-hydrogen vibrational bands in 
alkyl and aryl substituted silanes* 


R. N. Kwisevtey, V. A. Fasset and E. E. Conran 


Institute for Atomic Research and Department of Chemistry, lowa State University, Ames, lowa 
I : 
(Received 16 April 1959) 


Abstract—A study of the infrared spectra of mono-, di- and triphenylsilane and the corresponding 
deuterated silanes has led to the characterization of the frequencies associated with the silicon 
hydrogen vibrational modes. In addition the infrared spectra of approximately eighty other 
mono-, di- and trisubstituted silanes have been examined and the frequencies of the silicon 
hydrogen vibrations recorded. This information has been assembled into a correlation chart 
which relates the number and position of the absorption bands to the degree of substitution on 
the silicon atom. Likewise, the frequencies of the silicon hydrogen vibrational modes can also 
be related to the character of the substituent groups present on the silicon atom. 


Introduction 

Mono-, di- and trisubstituted silanes have several silicon-hydrogen vibrational 
bands in the 2-16 uw region which should be useful for the characterization of these 
silanes with respect to both the number and type of substituent groups present on 
the silicon atom. However, the information available in the literature leaves con- 
siderable doubt as to the vibrational modes associated with these absorption bands 
as well as to the relationship between the frequencies and the number and nature of 
the substituent groups. 

The silicon—hydrogen stretching vibrations have previously been assigned a 
nominal range of values from 2100 em~! to 2250 cm~'!, but no extensive studies have 
been reported in which values are given for alkyl and aryl substituted silanes. In 
gasegus silane, the symmetrical stretching frequency has been assigned to the strong 

Xaman line at 2187 cm~! and the asymmetric stretching vibration to the infrared 
band at 2183 em~'[1]. RicHarps and THompson [2] have reported the Si—H 
stretching frequency to be near 2200 cm~ in trichlorosilane, ethyldichlorosilane and 
diethylehlorosilane. KapiLan [3] noted the silicon—hydrogen stretching band at 
2108 em~! in tripropylsilane, at 2135 cm in triphenylsilane and at 2250 cm~ in 
trichlorosilane. Batuerv et al. [4] have reported a shift in the stretching frequency 
from 2090 cm~! in triethylsilane, to 2127 cm~ in dipropylsilane, and 2152 em~ in 
n-hexylsilane. However, their study was not extensive enough to use as a basis for 
any correlations. Kaye and TANNENBAUM [5] have published the infrared spectra 


* Contribution No. 748. Work was performed in the Ames Laboratory of the USAEC. 
W. B. Stewarp and H. H. Nievsen, J. Chem. Phys. 2, 712 (1934); Phys. Rev. 47, 828 (1935). 
R. E. Ricuarps and H. W. Tuompson, J. Chem. Soc. 124 (1949). 
L. Kapian, J. Am. Chem. Soc. 76, 5880 (1954). 
M. I. Baturv, A. D. Perrov, V. A. Ponomarenko and A. D. Matverva, Jzvest. Akad. Nauk. 
S.S.S.R., Otdel. Khim. Nauk 1243 (1956). 
[5|) 8S. Kaye and 8. Tannensaum, J. Org. Chem. 18, 1750 (1953). 
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of nine alkylsilanes and reported that the silicon—hydrogen stretching frequency lies 
in the region from 2100 em~! to 2200 em~!. Tables 1-3 also give additional informa- 
tion on the position of the stretching band as obtained from papers dealing with the 
assignments of vibrational modes. 

Some information has been reported on the silicon—hydrogen bending and deforma- 
tion bands. West and Rocnow [6] noted a band between 900 and 950 cm! in a 
series of disubstituted silanes but made no assignments. Oprrz et al. [7] also observed 
strong bands in this region in the spectra of monosubstituted silanes and attributed 
these to silicon—hydrogen deformation modes. These assignments are in accord with 
those made for other monosubstituted silanes [8-11]. Recently WesTeRMARK [12] 
reported that monoalkylsilanes have one band in the 10-6-10-7 yu (943-934 cm") 
region and another at 10-85 yu (922 cm~'). In dialkylsilanes, a band was also noted 
in the region from 10-6 to 10-7 « and another at 11-2 « (893 em~"). 

In the present investigation the spectra of phenylsilane-d,, diphenylsilane-d, 
and triphenylsilane-d, were compared with the spectra of the corresponding normal 
silanes in order to identify the bands characteristic of the silicon—hydrogen vibra- 
tional modes. These bands along with tentative assignments are listed in Tables 1-3. 
In making these assignments it was assumed that the phenyl groups acted as point 
masses and that the molecules were tetrahedral. The tables also give assignments 
made by others on similar compounds. For the sake of completeness, assignments 
outside the 2-16 yu region are also included.* 

Experimental 


A Perkin-Elmer model 13 double-beam spectrometer, with LiF, NaCl, or KBr 


optics, was used for recording the spectra in the appropriate regions. Solutions 
of the silanes in CS,, CCl, and CHBr, were used in order to cover the entire wave- 
length region. A Baird model B double-beam spectrometer with NaCl optics was 
used in addition to the model 13 spectrometer for recording the spectra of the other 
silanes in this study. 


Results and discussion 

A summary of the silicon-hydrogen frequencies of approximately 80 mono-, 
di- and trisubstituted silanes is shown in Fig. 1. These data are presented in correla- 
tion chart form in Fig. 2. It is apparent that mono-, di- and trisubstituted silanes 
can be distinguished by observing the bands in the 950 em~' to 750 cm! region. 
Monosubstituted silanes are characterized by two bands (v,; and v,) in the 950 to 
900 cm~! region, whereas disubstituted silanes possess only one band (v,) in addition 
to the band in the 890-825 cm-' region. It is interesting to note that in the 
disubstituted silanes v, always falls near 890 cm~' when the substituent groups are 


*In a recent paper by KrregsMann and Scnowrka [Z. physik. Chem. (Leipzig) 209, 261 (1958)] 
vibrational assignments were made on a series of substituted silanes, including mono-, di- and tri-pheny] 
silanes. Their assignments are in substantial agreement with those given in this paper. 


[6] R. West and E. G. Roonow, J. Org. Chem. 18, 303 (1953). 

[7] H. E. Orrrz, J. 8S. Peake and W. H. Nespercary, J. Am. Chem. Soc. 78, 292 (1956). 

[8] R. C. Lorp, D. W. Mayo, H. E. Oprrz and J. 8. Peake, Spectrochim. Acta 12, 147 (1958). 

[9] F. Koparev, Optika i Spektroskopia 4, 560 (1958). 

[10] A. Monrits, Compt. Rend. 236, 795 (1953). 

[ll] R. N. Drxon and N. SuHerparp, J. Chem. Phys. 23, 215 (1955); Trans. Faraday Soc. 53, 282 (1957). 
{12} H. WesrerMark, Acta Chem. Scand. 9, 947 (1955). 
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TYPE OF SILANE. COMPOUND 


2 


NNN N N 
Monosubstituted 
Benzyl benzy! silane | 
»~chlorobenzy!l silane 
Ary! Phenyl silane l | 
|p-tolyl silane | 
p- anisy! silane 
Alkyl in-hexyl silane 
n-octyl silane | | 
n-dodecy! silane | 
n-octadecyl silane | 
Cyc lohexy! hexy! silane | 


Di substituted | | | 


tipheny! silane 
Thary! 
4 heny! p-chlerepheny! silane | | | | 
phenyl phenoxypheny! silane | 
pheny! p-anisy silane | 
phenyl o-tely!l silane | | | 
li-p-anisy silane | | | | 
hi-p-toly silane | 
Benzyl, alkyl! pensy! pheny! stlene 
pheny! o-chlorobenzy! silane I 
Methyl ary! methy! pheny tlane | 
Dibenay! dibenzy silane l | 
hierobenty | 
Aryl, elkyl phenyl t-butyl silane 
pheny! a-heaedecy! silane | | 
heny!l a-decy!l silane 
pheny! a-dodecy!l «1: ene | j | 
Ren ry! aryl enty! a-hexedecy silane 
Allwi alkwi Pally n-hesedecy tiene 
Dialky! n-butyl a-hexedecy! silane 
li-n-octadecy! silane 
li-n-octy!l silane | 
ii -f-phenviethw! silane 
Ji-n-heny! silene 
di-n-decy! silane 
Dicye lohexy] hicyclohexy! silane | | | 
| 
Tri substitated | 
Piery!, phenylethyny! lipheny! phenylethyny! silene | 
Rensy tipheny! beney!l silene 
Dimethy!, ery! pheny silane 
Diben | dubensy pheny stlane | } 
Allyl fiery! dipheny ally silane | 
Tribensy! tribensy! silane 
Dibenay!, allyl | dibenay! ally | 
Triary!l dipheny! «-« reopheny! silane 
lipheny p-cr srephenyi stiene 
fipheny @-tely silane 
| 
lipheny! p-trimethyletlvipheny! silane | | 
lipheny p-phenexypheny! silane 
tripheny! stil ane 
fipheny! p-t y! silane | 


liphenyl p-tert-betvipheny! silane 
pheny! p-phenoxypheny! o-toly!l silane 


fipheny! p-aniey! silane | | 

pheny! p-phenoxypheny! p-anisy! silane | 
p-enisyl o-tolyl silane | 


fipheny! p-biphenyly! silane 


Ary!, bensy!, alky! phenyl! benay! a-dodecy! silene 
alky! fipheny!l f-phenylethy! silane 
ipheny n-decy! silane 

lipheny! a-hexedecy! silane 
Dieryl, cyclobenyl lipheny! cyclohexyl! silane | | | | 
Methy!, dieryl methyl pheny! p-bLromeopheny! s: lane 


methy fipheny! silane 


phenyl tely! silane | 
methyl pheny @e-nephthwil «1:1! ene / 
methy! pheny! a-tely! st lene | 
methyl pheny! p-tert-betylpheny! s: lane 
methyl pheny! p-tely! 
methy! pheny!] p-biphenyly! silane 

Dially!l, selky! Idially!l a-hexedecy! silane 

Methyl, ery!l, alky! methy! phenyl A-phenylethy! silane | | i 

Rensy!l. dielky! bensy! di-a-octy! silane 

Allyl, dielkyl allyl di-n-decy! stlane 
ally! di-n-bety! silane 

Trialky! triethy! silane | 

tri-y-phenylpropy! silane 

tri-n-ecty! 

tri-a-dedecy! silane 


tri-n-decyl silane 


| | 


228 § 


Fig. 1. Frequencies of silicon-hydrogen vibrations in 
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alkyl in nature whereas the frequency is lower when the groups are aryl in nature. 
In trisubstituted silanes it is often difficult to distinguish the Si—H bending vib- 
ration from other bands in this region. This is especially true for many of the 
substituted aromatic derivatives since the aromatic C—H out-of-plane bending 


Table 1.—SiH, vibrational modes of pheny! silane and other monosubstituted silanes 
(Cy, point group) 


Frequency 
(em~') 


Mode 


‘H,Si Ss C 
Pheny! silane | Pheny! silane-d, 


2155 
915 
2155 
939 
648 


(9) [10] 


v,(A,) 
v,(A,) 
v,(E) 
v,(E) 


2110 

864-886 

2121 
930 
686 


2196 

1097 

2147-4 
915-2 
666-2 


2190 
946 
682 


Table 2. =SiH, vibrational modes in dipheny] silane and other disubstituted silanes 
(Cy, point group) 


Frequency 
(em?) 


Mode 


(CH,),SiH, 


v,(A;) 
v,(A,) 
v,(B,) 
v,(B,) 


Dipheny] silane 


2145 
933 
2145 
850 
595 


Dipheny] silane-d, 


1549 
715 
1565 
619 
510 (7?) 


[13] 


2142 
961 
2142 
919 
467 


Table 3.=SiH vibrational modes in tripheny! silane (C,, point group) 


Frequency 
(cem~?) 


Mode 
Tripheny!] silanes | Tripheny] silane-d 
v,(A,) 2128 
v,(E) 
731 


1545 
596 


712 


vibrations may occur in this region. Thus, it is best to identify the trisubstituted 
silanes by the presence of the silicon-hydrogen stretching band in the region from 
2090 cm! to 2130 cm~! and the absence of strong bands near 930 cm-!. 

Several general conclusions can be drawn from Fig. 1 concerning the Si—H 
stretching vibrations. It is readily apparent that the Si 


H stretching frequency 
{13] E. A. V. Essworrn, M. Onyszcuux and N. SHerrarp, J. Chem. Soc. 1453 (1958). 
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shifts to a lower value as the degree of substitution increases. This appears to be a 
manifestation of the increase in mass of the vibrating system as the hydrogen atoms 
are replaced. The substitution of aryl or other unsatuyated groups always 
leads to a higher Si—H stretching frequency as compared to the corresponding alkyl 
derivative. This suggests that the electron density in the Si—H bond is increased 
by the presence of the unsaturated functional group on the silicon atom. In this 
connection it is particularly interesting to note the unusually high frequency in 
diphenyl-8-phenylethynylsilane. Methyl and benzyl cause a similar effect, apparently 
through hyperconjugation. 

Although it would be difficult to use the stretching frequencies for differentiating 
among mono-, di- and trisubstitution, they do serve two useful purposes. First, they 
are useful in confirming an identification based on the bands in the lower frequency 


RS) H, 
Ary! ~ 
Alkyl one 
R,SiH, 
Diary! 
Ary|, Alkyl — 
Dialky! ~ 
R,SiH 
Triaryl — | 
Diary!, Alky! 
Ary|, Dialky! 
Tridhky| 


21004 


FREQUENCY (cni') 
Fig. 2. Generalized correlation chart for the silicon-hydrogen vibrations in substituted silanes. 


* The spectral interferences in this region prevented an accurate determination of the frequency 
range for the various types of trisubstituted silanes. 


region. Secondly, and more importantly, they are very useful for providing informa- 
tion concerning the nature of the substituent groups present on the silicon atom. 
Once the number of substituent groups has been determined, the exact position of 
the stretching vibration can be used to limit the types of substituent groups which 
are present on the silicon atom. 

As an additional aid to the characterization of the substituent groups, reference 
may be made to a strong band in the region from 1100-1125 cm~'. Several 
authors [2, 14] have suggested that this band is useful for identifying a silicon- 
phenyl linkage. Table 4 shows the frequency of this band in a series of compounds 
containing silicon—pheny! linkages. These measurements indicate that the frequency 
is relatively constant and little difficulty should be experienced in recognizing the 
band. The exact nature of this absorption band is not known but it is probably 
due to the phenyl-X mode ‘‘q” as listed by WHIFrFrEN [15]. 


(141 C. W. Youre, P. C. Servars, C. C. Currre and M. J. Hunter, J. Am. Chem. Soc. 70, 3758 (1948). 
15) R. R. Ranpwie and D. H. Wuirren, Molecular Spectroscopy. Institute of Petroleum (1955). 
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Observations on the silicon—hydrogen vibrational bands in alkyl and ary! substituted silanes 


As in any correlation of this type, there are certain to be occasional interferences 
which could cause errors in identification. Likewise, in obtaining the data for 
constructing Fig. 1 it was occasionally necessary to choose between two or more 
bands in the same narrow wavelength region. The choices were based on intensity 


considerations and on the positions of the bands in similar compounds. 


Table 4. Phenyl band frequencies in aromatic substituted silanes 


Frequency 
Compound (em?) 


Pheny! silane L118- 
silane 1111: 
p-Anisyl silane 1117-8 


Phenyl-p-phenoxypheny! silane 
Diphenyl silane 1122-! 
Di-p-tolyl silane 1113: 
Di-p-anisyl silane 
tert.-Butyl pheny!] silane 1119+: 
Phenyl-n-decy] silane 1116-5 
Phenyl-n-dodecyl] silane 1117-0 
Phenyl-n-hexadecy] silane 1117: 
Phenyl! benzyl silane 1108. 
Phenyl-o-chlorobenzy! silane 1118: 
Phenyl-o-tolyl silane 1113-6 
Phenyl-p-anisy] silane 1119-8 
Phenyl-p-chloropheny! silane 1120- 
Tri-p-anisy| silane 1114- 
Diphenyl-p-biphenyly! silane 1114- 


Methylpheny! benzyl! silane 
Methylphenyl-p-biphenyly! silane 1116-0 
Methylphenyl-p-tert.-butylpheny] silane 1113-5 


Triphenyl silane 1115. 
Phenyl-p-anisyl-p-phenoxypheny! silane 1114- 
Phenyl-p-anisyl-o-toly! silane 1113+: 
Phenyl-o-tolyl-m-tolyl silane 1119- 
Phenyl-bis (benzhydryloxy) silane 1127- 
Methylphenyl-f-phenylethyl silane 1116: 
Methylphenyl-o-toly! silane 1112-5 
Methylphenyl-m-tolyl silane 1118-8 
Methyl-p-toly! silane 1112+ 
Methylphenyl-x-naphthy! silane 1113-8 


Tetrapheny! silane 1110: 

cycloPentyltripheny! silane 1110-5 
Triphenyl-n-butyl silane 1111-0 
Hexapheny! disilane 1102-6 


Acknowledgements—The writers wish to express their appreciation to Dr. H. Gruman, Dr. W. 
HvuGues and their associates for providing the compounds used in this study, to Mr. E. ZvuEcH 
for preparing the deuterated silanes, and to Mrs. M. DuGAN for recording many of the spectra. 
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Abstract—The experimental difficulties involved in the study of the infra-red spectra of aqueous 
solutions are discussed, and it is shown that spectra can be obtained in the near infra-red, from 


3-5 4 to 5-84 and from 6-54 to 10-54 regions. Previous work has been reviewed and new 
experimental data added to illustrate the use of this technique in the study of inorganic, organic 
and biological materials. 

A detailed study of sodium borate solutions has been made and the spectra of organic acids, 
alcohols, ketones, esters, ethers, amino acids and carbohydrates are illustrated. Quantitative 
applications to the analysis of glucose-galactose and valine—norvaline mixtures are discussed. 


Introduction 

THE practical difficulties of examining the infra-red spectra of aqueous solutions 
have deterred many spectroscopists from using water as a solvent, and Brice. [1] 
has even referred to water as “der Todfeind der Ultrarotspektroskopie’”’. Since 
Gore et al. [2] first demonstrated that infra-red spectra could be obtained from 
aqueous solutions, only limited use has been made of this technique. The main 
objects of this review are to show that despite the experimental difficulties involved, 
the study of aqueous solutions can provide much valuable structural information 
and that quantitative analyses can often be carried out more easily using aqueous 
solutions than with the samples in the solid state. 

The intense absorption of water itself throughout most of the infra-red spec- 
trum restricts the regions where aqueous solutions can usefully be studied, and 
although the complementary technique of Raman spectroscopy is less restricted 
by the solvent, it is not so readily adapted to working with small samples. In 
addition, water-soluble compounds contain polar groups which give rise to strong 
infra-red absorption bands but only weak Raman bands. Aqueous media provide 
the natural environment of living cells and tissues, so that the study of the infra- 
red spectra of aqueous solutions is of particular interest in biochemistry. 

Even in very thin films, liquid water shows intense absorption bands in the 
2-42 uw region [3] and Fig. | illustrates the spectrum of both water and deuterium 
oxide in the 1-12 uw region. In the near infra-red region where the absorption 
bands are less intense, it is possible to use longer optical path-lengths and GoULDEN 
[4] has published spectra showing the absorption of differing path-lengths of 
water in the 0-8—2-5 yw region. 

From the spectra shown in Fig. 1, it can be seen that the only parts of the 

’. Broce, Einfiihrung in die Ultrarotspektroskopie p. 190. Steinkopff, Darmstadt (1954). 

. C. Gore, R. B. Barnes and E. Pererson, Anal. Chem. 21, 382 (1949). 


©. K. PLYLer and N. Acgursta, J. Opt. Soc. Am. 44, 505 (1954). 
| J. D. 8S. Goutpen, J. Dairy Research 24, 242 (1957 
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fundamental region where water allows energy to pass are from about 3-5 uw to 
5S and from about 6-5 to 10-5 Deuterium oxide is relatively more trans- 


parent than water, particularly in the important 6 « region where water absorbs 


completely. Although this review is concerned primarily with ordinary water, 
the more important results obtained with deuterium oxide solutions will be 


indicated 


Wavelength, 4 


Absorptior 


Frequency, cm 


Absorption of water and deuterium oxide. Path-length, 42 » 


Experimental 


The major experimental difficulties arise from the need to find suitable cell 


windows which are not attacked by the solvent. For quantitative measurements 


it is essential to construct very short path-length cells which can easily be filled 
and cleaned, and in which the path-length is fixed accurately. Kaye [5] gives 
details of the infra-red transmission, water solubility and refractive index of a 
number of useful window materials and STERNGLANZ [6] reproduces transmission 


curves of a number of suitable optical window materials. 


In the near infra-red region, glass or fused silica are the obvious materials of 


choice and for wavelengths up to about 8 yw, calcium fluoride is probably the most 


suitable material. In the 6-5 ~ to 10-5 m region, barium fluoride is very suitable 


optically, but owing to its fragile nature, cells made from this material must be 


handled with care. For wavelengths beyond 12 4, KRS-5 or silver chloride can be 


used, although the high refractive indices of these materials cause greater surface 


reflection losses than for barium fluoride. By surface-coating of these materials, 
it may be possible to reduce reflection losses, although this would probably restrict 
their use to narrow wavelength intervals. 

Where the path-length need not be fixed accurately, as in qualitative analyses, 


5) W. Kaye, Spectro him tet 7. (1055 
6) H. STERNGLANZ, Appl. Spectroscopy 10, 77 (1956 
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or quantitative analyses using an internal standard, thin films of polythene can 
be used [7,8]. Polythene is particularly transparent in the 8—-10-5 « region and 
can readily be heat-sealed to form small bags which are pressed between a pair of 
rocksalt plates. 

For most of the results reported here, barium fluoride windows were used, 
being fitted into fixed path-length cells manufactured by the Research and 
Industrial Instruments Company. Path-lengths of approximately 12 ~, 42 4 and 
50 « were obtained by the use of lead or gold foil spacers of the appropriate 
thickness, the exact path-length being measured by the interference method [9]. 

In order to facilitate the interpretation of the spectra, it is advantageous to 
use a double-beam spectrometer and a pair of absorption cells, so that the intense 
solvent absorption and rapidly changing base line can be allowed for. The longest 
path-lengths that can conveniently be used with aqueous solutions are of the 
order of 75 yu (0-0025 in. thick spacer), and since such thicknesses of water transmit 
less than 2 per cent of the total radiation at 9 uw, relatively large slit-widths must 
be employed. Although this leads to considerable loss in resolution, absorption 
bands in aqueous solution are usually so broad that high resolution is not required. 

Stray radiation is considerably increased by the use of such wide slit-widths, 
despite the absorption of much of the shorter wavelength radiation by the water 
itself. The use of an F-centred crystal filter [10] or a grating reflector [11] was 
found to reduce stray radiation considerably. With a 63 «4 path-length cell con- 
taining water in both beams, the stray radiation in the 9 « region as measured 
using a 3mm thick fused silica plate, amounted to about 8 per cent. This was 
reduced to less than 2 per cent by use of a grating reflector and to less than | per 
cent with an F-centred filter. 

The limit to the path-length imposed by solvent absorption restricts the 
aqueous solution technique to compounds having solubilities greater than about 


| per cent in water. As shown later, solubilities can often be increased by a 


change in pH, although solutions of pH greater than about 12 appeared to attack 
slowly the barium fluoride cells. 


Spectroscopy of aqueous solutions in the near infra-red region 


The spectra of aqueous solutions at wavelengths less than 2-5 4 can most 


conveniently be discussed separately, since in the near infra-red region, it is 
possible to use relatively long path-length glass cells together with simpler types 
of spectrometer. 

One of the most important uses of this region of the spectrum is the determina- 
tion of water in other liquids, and Kaye [12] has shown that sensitivities of the 
order of 0-05 per cent can be obtained using the 1-4 ~ and 1-9 « water absorption 
bands. Examples of the use of this method are provided by CuapMan and Nacey 


A. D. E. Puuien and J. McC. Poivock, Trans. Faraday Soc. §4, 11 (1958 
. J. ANTIKAINEN, Suomen Kemistilehti B 31, 223 (1958 
B. B. M. Surwer.anp and H. A. Wiis, Trans. Faraday Soc. 41, 181 (1945 
Gaunt. J. Sea. Innate 31, 315 (19054 
U. Wuarre, J. Opt. Soc. Am. 37, 713 (1947) 
W. Kaye, Spectrochim. Acta 6, 257 (1954 
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13] who estimated water in glycerol and by Wurre and Barrett [14] who were 
able to determine water in fuming nitric acid. 


The near infra-red spectra of water with the addition of various acids, bases 
and salts are illustrated in the Lanpo.?t-Bérnster Tabellen [15] and Szeresy 
et al. (16) have also studied the effects on the absorption bands of water itself 


when various electrolytes are added. 


WAGGENER [17] has shown that the limit of useful transparency for 10 mm 


path cells of water can be extended from 0-9 « to 1-3 4 by the use of deuterium 


oxide as solvent and Evstigneev [18] has indicated that deuterium oxide is a 


particularly useful solvent for the near infra-red region, except for solutes which 


contain exchangeable hydrogen atoms. Gaunt [19] has shown that near infra-red 


spectroscopy provides a rapid and accurate method for the analysis of water 


deuterium oxide mixtures 


Since the sizes of the fat globules in many emulsions are of the same order as 


the wavelengths in the near infra-red region, the transparency of such emulsions 


will be very dependent upon the globule size-distributions. GouLpEn [20, 21] has 


shown that measurements of the transmissions of dilute emulsions in the near 


infra-red region provide a rapid method for studying the fat globule sizes and for 


testing the degree of homogenization. 


Spectra of aqueous solutions in the 2-15 « region 


Since very few chemical groups absorb strongly in the 3-5—5-8 w region, the 


remainder of this discussion will be restricted to the 6-5-10-5 w region where 


many water-soluble compounds show absorption bands. The spectra of aqueous 


solutions at longer wavelengths do not appear to have been examined. 


Inorganic anions 


The frequencies of the main absorption bands of polyatomic inorganic anions 


in aqueous solution are usually similar to those given in structural correlation 


tables based upon the examination of samples in the solid state. In aqueous 


solution, the bands are usually broader and less numerous, as illustrated by the 


spectra of the three sodium salts of orthophosphoric acid shown in Fig. 2. In 
view of the difficulties of sample preparation usually associated with the quanti- 
tative analysis of solids, it is probable that a three-component analysis could 
more easily be carried out from the spectra of the aqueous solutions. STEGER [21a] 
has discussed structural differences shown by the infra-red and Raman spectra of 


trimetaphosphates in the crystalline state and in aqueous solution. 
In the spectra of very concentrated aqueous solutions of inorganic salts, slight 


D. CHarpMan and J. F. Nacrey, Analyst 83, 377 (1958). 

14| L. Warre and W. J. Barrer, Anal. Chem. 28, 1538 (1956). 

15| LaNpoit-Bornstern, Tabellen (6th Ed.) Vol. 1, Pt. 2, p. 469. Springer, Heidelberg (1951). 
16) G. L. Szerpresy, Acta Phys. et Chim. Szeged 2, 140 (1956) 

W. C. Anal. Chem 30, 1560 (1958). 

18) V. B. Evstieneev, Doklady Akad. Nauk., S.S.S.R. 89, 105 (1953). 

J. Gaunt, Spectrochim. Acta 8, 57 (1956). 

20) J. D. 8. Goutpen, J. Dairy Research 25, 320 (1958) 

J. D. S. GouLpeEn., Dairy Inds. 556 (1958) 


(21a) E. Z. Stecer, Z. Anorg. Chem. (Leipzig) 296, 305 (1958) 
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frequency shifts due to changes of cation have been observed by Weston and 
Bropasky [22], but these shifts amounted to only a few em~'. 

Spectra of sodium borate solutions. The infra-red spectra of aqueous borate 
solutions provide useful information about the ions present at different pH’s and 
concentrations, and confirm the results already obtained by Raman spectroscopy 


Wovelength, 
7 8 9 7 


No» HPO, 


Absorption, 


1000 400 1200 000 


Frequency om 


(c (b 
Fig. 2. Spectra of sodium phosphates: (a) 5°, aqueous solution, 70 4 path-length vs. 
63 « water; (b) solids in potassium bromide disks. (Cell blank shown as lowest curve in 
top left frame.) 


[23, 24]. Fig. 3 shows the spectra of 0-25 M boric acid—sodium hydroxide solutions 
at three different pH’s. 
Since the first ionization of boric acid is usually represented by: 


H,BO, + 2H,O = H,0* + B(OH,)-, pk, ~ 92[25] B(OH,) 


the strong bands shown at 1410 em~! and 1145 em~!, at pH = 5-1, must arise from 


(22) R. E. Weston, Jr. and T. F. Bropasky, J. Chem. Phys. 27, 683 (1957). 

(23) J. N. Hispen, The Raman Effect and its Chemical Applications p. 430. Reinhold, New York. 
[24] J. O. Epwarps et al., J. Am. Chem. Soc 77, 266 (1955). 

(25) P. H. Kemp, The Chemistry of Borates Pt. 1, p. 19. Borax Consolidated Ltd., London (1956). 
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undissociated H,BO, molecules. At pH l1-1, these are replaced by bands near 
1160 cm~! and 945 em-! due to the B(OH,)~ ion. Spectra were not examined at 
higher pH’s where bands due to products of the second and third ionizations might 
be expected. 

At intermediate pH’s, an absorption band at 1315 em=! appears, due to the 
presence of one or more species of complex polyborate ion. From a study of the 
spectra of boric acid-sodium hydroxide solutions over a wide pH range, it has 


Wavelength , 
8 10 


Absorption, 


200 

Frequency, cm 

Fig. 3. Spectra of 0-25 M boric acid—sodium hydroxide solutions, 70 “ path-length vs. 63 4 
water. Cell blank | . 


been possible to calculate the composition of these solutions as shown in Fig. 4. 
It can be seen that at a molar concentration of 4 0-25 M (with respect to H,BO,), the 
maximum concentration of polyborate ions occurs at a pH of approximately 9. 
This is indicated by changes in intensity of the 1315 cm-! band. and also by the 
differences between the concentration of (H,BO, | B(OH),-) and the total 
stoichiometric concentration. 

The spectra of sodium metaborate (NaBO,.4H,O) and sodium tetraborate 
(Na,B,O,.10H,O) in the solid state [26] differ considerably from their spectra in 
aqueous solution, due to the complex crystal structures. In solution. however, 
their spectra are identical with those of the appropriate boric acid—sodium 
hydroxide mixtures. Sodium metaborate solutions have a pH close to 11-3 and 
provide spectra identical to that shown in Fig. 4(c); sodium tetraborate solutions 
have a pH = 9-3 and give spectra identical with that shown in Fig. 3(b). From 
the examination of the spectra of sodium tetraborate solutions at temperatures 


26) F. A. Miter and C. H. W ILKINS, Anal. Chem. 24, 1253 (1952). 
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slightly above and slightly below room temperature, it was possible to show that 
the dissociation of the polyborate ions increased with rise in temperature. A 
study of spectra at different concentrations showed that the polyborate ions were 
also dissociated by increasing the dilution. 

Jones and McLaren [27] have studied the infra-red spectra of both carbon 
dioxide and sulphur dioxide in water and have shown that in each case, most of the 
dissolved gas exists in the unhydrated form. 


100 


315 cm 


Optical density at 


Composition , 


10 


> 


Fig. 4. Effect of pH on composition of 02-5 M boric acid-sodium hydroxide solutions. 


Simple organic molecules 


Owing to solubility limitations, it is possible to examine aqueous solutions of 
only the lower members of the aliphatic acids, alcohols, esters, ketones and ethers. 
Figs. 5 and 6 illustrate typical spectra of both aqueous and carbon tetrachloride 
solutions. For both solvents, an instrumental slit width of | mm was used; 
corresponding to a spectral band-width of about 0-14 uw or 15 cm™ at 9 yw. 

The spectrum of ethyl alcohol (Fig. 5b), shows practically no change in 


[27] L. H. Jones and E. McLaren, J. Chem. Phys. 28, 995 (1958). 
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Wavelength, 


8) 7 


Absorption, 


Frequency, 


Fig. 5. Spectra of (a) acetic acid, (b) ethyl alcohol, (c) ethyl acetate, (d) acetone in water 
) and in carbon tetrachloride ( ). 70m path-length vs. 
63 4 water. 


aqueous solution, suggesting that the strong intermolecular hydrogen bonds 
between the alcohol molecules are unaffected by the surrounding water molecules 
at this concentration. For acetic acid (Fig. 5a), the small changes observed in 
the aqueous solution spectra suggest that some of the acetic acid dimers are 
dissociated in water at solute concentrations as high as 5 per cent. In the case of 
ethyl acetate (Fig. 5c), it can be seen that the strong band near 1250 cm~ is 
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Wavelength , 


10 


Absorption, 


1200 000 14 1200 


Frequency , 


Fig. 6. Spectra of (a) diethyl ether, (b) methyl-n-propyl ether, (c) 1:2-dimethoxyethane, 
(d) 1:1-dimethoxyethane in water ( ) and in carbon tetrachloride ( , 
70 «4 path-length vs. 63 4 water. 


displaced to a higher frequency in aqueous solution, whereas the band near 
1050 em~? is moved to a lower frequency. Since the band near 1100 em~! in the 
ether spectra (Fig. 6a,b,c) is moved to a lower frequency in aqueous solution, 
it seems probable that the 1100 cm~' ester band is associated largely with the 
stretching of the C—O band adjacent to the alcohol residue. This is in agreement 
with the observations of THomMpson and TORKINGTON [28] based upon the spectra 


of non-aqueous solutions. 
{28} H. W. Tuomeson and P. Torkineton, J. Chem. Soc. 640 (1945) 
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The shift of the 1100 em~' C—O band in the aqueous solution spectra of 
diethyl ether (Fig. 6a), methyl-n-propyl ether (Fig. 6b) and 1:2-dimethoxy- 
ethane (Fig. 6c) suggests that the ether oxygen atom is solvated by water 
molecules. Steric factors limit the approach of water molecules in |:1-dimethoxy- 
ethane (Fig. 6d), so that no changes in the 1100 em~! band system are observed. 
In the case of 1:2-dimethoxyethane, free rotation about the C—C band allows 
each oxygen atom to be fully solvated so that changes in the spectrum are observed. 

Ports and Wricurt [29] have shown that it is possible to use aqueous solutions 
for the analysis of glycols, and for the direct analysis of aqueous solutions which 
have been used to extract or wash organic phases. 


Salts of organic acids 

Although many organic acids are insoluble in water, their solubilities can be 
increased by the addition of alkali. Aqueous solutions of the sodium salts can 
therefore be used to characterize the appropriate acids. Using solid state samples, 
CuILpeRs and Strutuers [30] were able to analyse mixtures of the sodium salts 
of organic acids, and by the use of the aqueous solution technique such analyses 
should be considerably simplified. 

STERNGLANZ [6] has suggested the use of aqueous solutions for the analysis of 
the sodium salts of alkyl sulphonic acids and Ports and Wricuart [29] illustrate 
the spectra of the sodium salts of the chloropropionic acids and show that analyses 
reproducible to about 2 per cent can be obtained by the use of aqueous solutions 
containing the sodium salts of all three acids. 

PARKER [30a] has published the infra-red spectra of aqueous solutions of a 
number of keto- and hydroxy-acids, and GouLDEN [30b] has examined the infra-red 
spectrum of the lactate ion in aqueous solution. 

The structure and infra-red spectra of crystalline materials often differs 
considerably from that of the same material in aqueous solution. This is well 
illustrated by lithium pyruvate monohydrate which has been shown by BELLAMY 
and WiitiaMs [31] to exist in the crystalline state as CH,C(OH),CO,~Li*. 
Jencks and CarrivoLo [32] have shown, however, that in deuterium oxide 
solution, lithium pyruvate exists in the keto form CH,CO.CO,~Li° 


A no acids 


Duva. [33] has shown that it is possible to obtain infra-red spectra from single 
drops of aqueous solutions of various amino acids. Fig. 7(a) illustrates the spectra 
of valine and norvaline, two amino acids which can be separated only with 
difficulty by paper chromatography. In the 1400 em~ region, the differences 
between the two spectra are insufficient to allow an accurate two-component 
quantitative analysis to be carried out and the solubility limit of about 6 per cent 


[29) W. J. Ports, Jr. and N. Wricutr, Anal. Chem. 28, 1255 (1956). 
[30) E. and G. W. SrrutHers, Anal. Chem. 27, 737 (1955). 
30a) F. S. Parker, Appl. Spectroscopy 12, 163 (1958) 

130b! J. D. S. GouLpen., to be publi shed 

31) L. J. Bewramy and R. L. Wiiiiams, Biochem. J. 68, 81 (1958). 
(32) W. P. Jencks and J. Carrivo io, Nature 182, 598 (1958). 

{33 C. Duva.. Mikrochem. Acta 741 (1956). 
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prevents the use of the weaker bands near 1150 cm~'. The higher solubilities of 
the hydrochlorides enable spectra to be obtained which should be of more value 
for quantitative analysis (Fig. 7b). 


Carbohydrates 

The carbohydrates seem likely to provide one of the most rewarding fields of 
study for aqueous solution spectroscopy. Whilst solid-state spectra can be of 
considerable help in the chemistry of the carbohydrates [34], difficulties often 


Wavelength, 


bh 


Absorption, 


| 
1400 1400 1200 1000 


Frequency, cm 


Fig. 7. Spectra of (a) valine ( ) and norvaline ( ), (b) valine 
hydrochloride ( ) and norvaline hydrochloride | ) in water, 
70 « path-length vs. 63 4 water. 


arise owing to the amorphous or crystalline nature of the sample [35], and these 
difficulties are removed by the examination of the samples in aqueous solution. 

Fig. 8 illustrates the spectra of a number of sugars and related compounds, 
examined as aqueous solutions. These spectra were obtained from 20°, aqueous 
solutions contained in a cell of path-length approximately 10 « and were re-drawn 
from the original records, allowing for the changing base-line due to the use of a 
single absorption cell. Fig. 8 also illustrates the spectra of the same samples 
examined in the crystalline state as Nujol mulls, an instrumental slit-width of 
0-5 mm being used for both sets of spectra. 

As can be seen from Fig. 8, much of the fine-structure shown in the crystalline 
state is absent in the solution spectra, the latter being very similar to the spectra 


(34) D. H. Warren, Chem. & Ind. 129 (1957). 
(35| J. D. S. Gou.pen and J. W. Wurre, Jr., Nature 181, 266 (1958). 
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S. Spectra of carbohydrates 70° aqueous solutions { 
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of the amorphous samples prepared by casting as films from aqueous solution or 
by freeze-drying from aqueous solution, e.g. sucrose [36], lactose [35]. 


The analysis of mixtures of sugars by paper chromatography is of interest in 
the study of the hydrolysis products of cellulose. Fig. 9 shows that although the 


36) J. W. Warre, Jr., ef al. Anal. Chem. 30, 506 (1958 
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spectra of glucose and galactose are very similar, they are sufficiently different to 
be used for the semi-quantitative analysis of the two-component system. 

Fig. 10 shows the calibration curves obtained from solutions of known concen 
trations. From the analysis of synthetic mixtures of glucose and galactose, it 
has been found that provided the relative abundance of the two sugars is not 


Wovelengin, 4 
8 9 


Absorption, 


1200 

Frequency, cm 
Fig. ¥. Spectra of glucose { and galactose ( 4-6 per 
cent of aqueous solutions in 63 4” path-length cells vs. 63 4 water. 


greater than about 10, an accuracy of about 5 per cent can be expected for the 
concentration of the major component. The quantitative determination of 


lactose in milk will be discussed later. 


Biological materials 

The infra-red spectra of aqueous solutions of a number of biological materials 
have been examined by BLovut [37] and the spectra of proteins, polypeptides, 
nucleic acids and nucleo-proteins in deuterium oxide solutions have been discussed. 
Duva. [38] has suggested that infra-red studies could be made of blood, milk and 
wine. Fig. 11 illustrates the spectra of separated milk (a) and bovine blood 
serum (b). 

GOULDEN [39] has shown that infra-red absorption methods can be used to 
determine rapidly the lactose concentration in separated milk with an accuracy 
of +-1-5 per cent. At the 1050 em~' band (Fig. lla), the relative contribution to 


37) E. K. Buour, Ann. N.Y. Acad. Sci. 69, 84 (1957). 
[38] C. DuvaL, Compt. Rend. 240, 1646 (1955). 
39) J. D. S. Govipen, J. Dairy Research 26, 151 (1959) 
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Fig. 11. Spectra of separated milk | ) and bovine blood serum ( 
63 path-length vs. 63 water. 
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the total absorption from both scattered radiation and protein absorption amounts 
to only about 10 per cent, so that changes in protein concentration produce only 
second-order effects. Since the protein content of whey is considerably less than 
that of separated milk, measurement of the transmission at 1050 em~! provides 
the basis of a possible method for the continuous monitoring of lactose concentra- 
tion during the condensation of whey. 

Studies of proteins have been carried out using deuterium oxide as solvent so 
that the important bands in the 6 m4 region could be observed. Enriicn and 
SUTHERLAND |40], Larson and McLavuGutrn [41] have demonstrated the effects 
of changing the pD on the absorption of the amino and carboxylate groups, and 
Haceois [42] has studied hydrogen—deuterium exchange in deuterium oxide 
solutions of proteins. MiLes [43] has carried out intensive studies on the tau- 
tomerism of nucleotides and nucleosides in deuterium oxide solution. 

Bout and Lenormant [44] have published the spectrum of living Lacto- 
bacillus arabinosus in deuterium oxide suspension, and have also examined the 
spectra of nucleic acids in deuterium oxide solution. For the identification of 
micro-organisms, it would seem that the use of deuterium oxide and water sus 
pensions has no advantage over the more usual methods of examining heat-dried 
suspensions on silver chloride plates [45] or freeze-dried samples as potassium 
bromide disks [46], 

Conclusions 

It is considered that despite the experimental difficulties involved, infra-red 
spectra of aqueous solutions are worthy of further examination. 

The aqueous solution technique should prove particularly valuable in the 


study of inorganic salts where the effects of crystal structure lead to considerable 
differences in the spectra of salts containing a common anion [26]. 


G. Euruica and G. B. B. M. SurHertanp, J. Am. Chem. Soc. 76, 5268 (1954). 
D. L. Larson and J. McLaveutin, Jr., J. Am. Chem. Soc. 77, 1355 (1955). 
2| G. Hacers, Biochim. et Biophys. Acta 19, 545 (1956) 
H. T. Mites, Biochim. et Biophys. Acta 22, 247 (1956); Ibid. 27, 46 (1958); Ibid. 30, 324 (1958). 
E. R. Biovur and H. Lenormanrt, J. Opt. Soc. Am. 43, 1093 (1953). 
| J. D. S. GouLDEN and M. E. SHarpr, J. Gen. Microbiol. 19, 76 (1958). 
J. E. 8S. Greenstreet and K. P. Norris, Spectrochim. Acta 9, 177 (1957). 
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Abstract—The infrared spectra of a number of methyl substituted polycyclic aromatic hydro- 


carbons have been obtained in the 3000-2700 cm region. An apparent correlation is shown to 


exist with the spectra in this region and the free valence number for the position of substitution 
in the parent hydrocarbon. The possibility of steric effects determining this correlation is 
considered 
Introduction 

Fvson and Josten |1] examined the infrared spectra of the twelve mono methyl 
1:2 benzanthracenes and found that the overall appearance of the 3000 cm~! 
region was similar for methyl groups attached to the low free valence index carbon 
atoms. The intermediate index isomers, however, were found to show much 
variety among themselves, but were distinctly different from either the low or 
high index spectra. No comment was made on the significance of this relationship 
and it seemed desirable to ascertain whether the correlation was applicable to other 
polyeylic aromatic hydrocarbons other than 1:2 benzanthracene. For alternant 
hydrocarbons, the free valence numbers, localization energies and conjugating 
powers of the exposed carbon atoms all indicate the same order of reactivity for 
these atoms/4]. Consequently we have re-examined the methyl-1:2-benzanthracenes 
together with several other methy! polycyclics in the hope that this might provide 
a spectroscopic method for determining the conjugating powers of various positions 
in polynuclear aromatic compounds. For methyl substitution in alternant hydro- 
carbons, some correlation does exist between the free valence of the position 
carrying the substituent and the magnitude of the bathochromic shift produced in 
the ultraviolet spectra [2, 3]. The agreement, however, is not entirely satisfactory, 
since the influence of the substituent is connected not only with the ground state 
of the molecule, but also with its excited states [4]. Since this factor does not arise 
in the infrared spectra, the possibility exists that with substituents such as the 


methyl group, the positions and/or intensities of the absorptions attributable to 
this group, may be sensitive enough to allow their use as an indicator of the 


electronic structure at the various positions of substitution. 
Experimental 
(a) Materials 


The methyl-1:2-benzanthracenes and methyl-3:4-benzophenanthrenes were 
specimens kindly supplied to us by Professor M. 8. Newman, Ohio State University, 


1} N. Fusown and M. -L. Josten, J. Am. Chem. Soc. 78, 3040 (1956). 

2) G. M. Bapoerr, R. 8S. Pearce and R. Pertit, J. Chem. Soc. 1112 (1952). 

G. M. Bapecer and I. 8S. Waker, J. Chem. Soc, 3238 (1954) 

4) B. Puciman and A. PuLiman, Progress in Organic Chemistry Vol. 1V, p. 59. Butterworths Scientific 
Publications, London (1958). 
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with the exception of 9-methyl-1:2-benzanthracene which was from our private 
collection. 9-Methylphenanthrene was given to us by Dr. E. Rircnie, University 
of Sydney and 5-methylnaphthacene by Dr. E. CLar, University of Glasgow. The 
remaining specimens were commercial samples or from our own collection which 
had melting or boiling points in accordance with those previously reported. 


(b) Infrared spectra 


The spectra were determined with a Grubb Parsons 84 double beam spectrom- 
eter using a calcium fluoride prism. Measurements were obtained in the 3000- 
2700 em~! region by calibration against a spectrum of HC] gas immediately previous 
to each determination. Sharp bands were reproducible to +1 cm~'. A concentra- 
tion of 0-05 M in carbon tetrachloride using a 3 mm cell was used in all cases where 
solubility permitted. In some cases 0-025 M solutions in a 6 mm cell were employed. 


Results and discussion 

Aromatic C—H stretching vibrations occur above 3000 cm~! [5] usually near 
3050 cm~! and most unsubstituted aromatic hydrocarbons have no strong absorp- 
tions in the 3000-2700 cm~! region. Absorptions due to the methyl group occur 
below 3000 em~', and in aliphatic compounds in non-polar solution, the symmetric 
and asymmetric bands are located at 2962 + 10 and 2872 + 10 cm~', respectively, 
with additional bands at 2934 and 2912 cm~! occurring in some compounds [6]. 
For methyl groups attached to aromatic systems, however, five bands usually 
occur in this region |1] (see Table 1). 

Our results are given in Figs. 1-3 and Table 1. The spectra we have obtained are 
in substantial agreement with those previously reported by Fuson and Josten for 
the methyl-1:2-benzanthracenes, but disagree with their values for 1-methyl- 
naphthalene in which they report a band at 2925cem~'. Our spectrum shows two 
bands in this region at 2931 and 2907 em~!, and is in good agreement with that 
reported by Fox and Martin [7] (2931 and 2908 em~'). 

In Table 1 we have included the free valence numbers for the various positions 
of substitution for the parent hydrocarbon, as calculated by the method of 


L. J. Bectamy, The Infrared Spectra of Complex Molecules (2nd Ed.), Ch. 5. Methuen, London (1958). 
J. Fox and A. E. Martix, Proc. Roy. Soc. (London) A 175, 208, 234 (1940). 
. Fox and A. E. Martin, J. Chem. Soc. 318 (1939). 
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Table 1. Band sequence in the 3000-2700 em~! region for methyl groups attached to polyeyclic 


aromatic hydr carbons 


bree 
Compound Position of valence 297 2045 = 5 2024 » ¢. 2000 2867 45 273442 
methyl group 
number 
Toluet 308 2076 2872 2733 
l 452 007 vate 2732 
2 0408 2975 04:3 2732 
Me hracene (1 O-520 2873 2733 
VMethvinaphthacene (11) > O530 27 
Methylphenanthrene 451 2971 2042 2865 27 
448 2072 2807 27 
2072 45 27 
44 2055" 27 
Methyl n 407 27 
7 0-404 sid 7 
thracene (\ 2 0-409 M7 262 
Mie 
th 45 Vato 
“ M1 
0-502 ( siz 
10 2958° O26 NT 
Values taken from PULLMAN and PULLMAN [8] ; caleulated by the method of molecular orbitals. 
* These values are included in the column although they do not fit in the regional limits given at the 
top of the column 


In several cases there are weak bands in the 2850-2750 em~' region, which have not been reported in 


the table (see Figs. 2-3 
The following compounds have additional bands not included in the table: 9-methylphenanthrene, 
2914 cem~'; 3-methyl-1:2-benzanthracene, 2906 cm~!; 1-methyl-3:4-benzophenanthrene, 2012 em~'. 


molecular orbitals|S8]. It may be noted that these may be divided into three distinct 
sets of values, i.e. c. 0-40—-0-41, 0-44-0-46 and 0-50—0-53, and we will discuss the 
spectra in terms of these three classes. Fig. | shows the absorption spectra for 
methyl groups attached to positions having low free valence numbers (0-40—0-41). 
All have a very similar adsorption in the 3000-2700 em~! region and are charac- 
terized by comparatively weak bands near 2975 and 2945 cm~!, with relatively 
strong bands near 2923 and 2865 cm~'. The intensities are probably modified to 
some extent by the absorption bands in the parent hydrocarbon itself in this 
region, and by the intense aromatic C—H absorption near 3050 em~!. Nevertheless, 
it will be seen that the absorption of the methyl group is remarkably similar in 
each case and quite distinct from that given by methyl groups attached to positions 
having medium or high free valence numbers. Fig. 2 shows the absorption obtained 
when the methyl group is attached to a position of medium free valence number 
(0-44-0-46): the 2975 and 2945 em~' bands are of comparable or greater intensity 
than the 2923 em~' band, and there is often a band of weak or medium intensity 
at ¢. 2900 cm~!. The similarity in the spectra, however, is not so marked as with 
the low index isomers. The high index isomers (0-50—-0-53) by contrast show a 
relatively simple absorption and the 2975 and 2945 cm~' bands are absent or not 
resolved. Additional fine structure may possibly be revealed by studies at higher 


[8] B. Puitieman and A. Puttman, Les Theories Electroniques de la Chimie Organique p. 587. Masson, 
Paris (1952). 
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resolution. For example, WILMsHURST and BERNSTEIN [9] report bands at 2981, 
2952, 2930, 2923, 2873, 2862 and 2736 cm~! for toluene (liquid), but the 2930 and 
2923 cm~! bands, and also the 2873 and 2862 cm~! bands, are not resolved in the 
spectra we have obtained using a calcium fluoride prism. All the spectra show the 


Absorption , 


2900 
Wave number, cm 


Fig. 1. Carbon tetrachloride spectra in the 3000-2700 em~! region for methyl groups 
attached to positions having low free valence numbers: (A) toluene; (B) 2-methylnaphth- 
alene; (C) 2-methylanthracene; (D) 6-methyl-3:4-benzophenanthrene; (E) 7-methyl- 
3:4-benzophenanthrene; (F) 2’-methyl-1:2-benzanthracene; (G) 3’-methyl-1:2-ben- 
zanthracene; (H) 6-methyl-1:2-benzanthracene; (1) 7-methyl-1:2-benzanthracene. 


“identification tag’ of a weak band near 2734 cm~! noted by Fox and MARTIN 
[7] for the methylnaphthalenes and by Fuson and Josten for the methyl-1:2- 
benzanthracenes. 

The possibility cannot be excluded that the intensities of the bands are deter- 
mined by the steric environment of the methyl group, as a parity exists with this 
factor and the free valence. Thus positions having low free valence numbers are 


[9) = K. Witmsuurst and H. J. Bernstery, Can. J. Chem. 35, 911 (1957). 
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those in which the two ortho positions are occupied by hydrogen atoms; whereas 
positions of medium free valence have one adjacent peri hydrogen, and those of 
high free valence two adjacent peri hydrogens. In fact with few exceptions, this 
appears to be a general phenomenon for polycyclic aromatic hydrocarbons. This 


Fig. 2 Carbon tetrachlonde spectra in the 3000 2700 em”! region for methyl! groups 
attached to positions having medium free valence numbers J) 1l-methylnaphthalene; 
K) 9%-methylphenanthrene; (L) 1l-methyl-3:4-benzophenanthrene; (M) 2-methyl-3:4 
benzophenanthrene N) 8-methyl-3:4-benzophenanthrene; (O) 4’-methyl-1:2-benzanthra 
ene; 3-methy!-1:2-benzanthracene; (Q) 4-methyl-1:2-benzanthracene; (R) 5-methy! 
1:2-benzanthracene; S) S-methyl-1:2-benzanthracene 


does not include compounds such as |'- and 9-methyl-1:2-benzanthracenes and 
5-methyl-3:4-benzophenanthrene, which exhibit additional steric hindrance. In 
these cases the overall appearance of the spectrum (Fig. 3i) does not resemble that 


given by those isomers of similar free valence and which are not specially hindered. 


Moreover, the positions of the bands often show appreciable displacements from 
the position shown by other isomers. We suggest that distortion of the bond angles 
and/or lengths of the methyl group is responsible for these changes. It may be 
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noted that, excluding these three compounds, the positions of the bands differ 

only slightly from compound to compound and no consistent correlation appears 
to exist between the positions and the free valence numbers. 

The spectra of the methyl 3:4-benzophenanthrenes are also of interest. X-ray 


2900 
Wove number, cm 


Fig. 3. Carbon tetrachloride spectra in the 3000-2700 em~! region: (i) Methyl groups 

which are sterically hindered (T) 5-methyl-3:4-benzophenanthrene; (U) 1’-methyl 

1:2-benzanthracene; (V) 9-methyl-1:2-benzanthracene. (ii) Methyl groups attached to 

positions having high free valence numbers: (W) 9-methylanthracene; X) 5-methyl 
naphthacene; (Y) 10-methyl-1:2-benzanthracene 


erystallographical analysis [10] has shown that 3:4-benzophenanthrene is non 


planar and has abnormal bond angles. The secondary carbon atoms at positions 


2 and 7 have bond angles of 111° and 110°, respectively, and Herresters and 
Scumipt [10] consider that the valency electrons at these positions do not occupy 
pure (sp*)p orbitals of a normal planar aromatic structure, but more nearly the 
tetrahedral sp* hybridization. The increased free valence that may be expected 


(10) F. H. Herpstrein and G. M. J. Scumipr, J. Chem. Soc, 3302 (1954). 
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to accompany the apparent shift to tetrahedral hybridization does not appear to 
affect the observed infrared spectra. This would be consistent with the spectra 
being determined by steric effects rather than associated with the free valence. 
An investigation is at present being undertaken to examine the possibility of steric 


effects in more detail, and the results will be reported at a later date. 
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Abstract 


gen deformations of substituted ethylenes are reviewed. It is shown that the CH , Wag motion 


The various infrared absorption group frequency correlations for out-of plane hydro 


of vinyl and vinyliden type substituted ethylenes behave in an analogous manner. and the 


twist motion in vinyl and trans-type substituted ethylenes also behave in an analogous manner 


The CH, wag frequency appears to be related to the resonance effects of substituent groups, 


while the twist frequency appears to be related to the inductive effects of substituent groups 


Introduction 


Tue out-of-plane hydrogen deformation infrared absorption frequencies of olefinic 


groups are well known as a means of characterizing the number and position of 
hydrogen atoms attached to the carbon-carbon double bond [1]. If the chemical 


groups attached to the double bond are non-polar carbon atoms, then the regions 


for the characteristic out-of-plane hydrogen deformations are [2-6]: 


H H H 


~820 675-730 


H H 


H H 


~965 ~S890 


H 


~990 and ~910 


1) Bettamy, Infrared Spectra of Complex Molecules (2nd Ed.) p. 44 et seq. Methuen, London (1958). 
2} Tuompson and Torkineton, Trans. Faraday Soc. 41, 246 (1945) 

|3|} Rasmussen and Brattain, J. Chem. Phys. 15, 120, 131. 135 (1947) 

|4) SHEPPARD and SuTHERLAND, Proc. Roy. Soc. A 196, 195 (1949) 

5| SHEPPARD and Simpson, Quart. Rev. (London) 6, 1 (1952). 

[6] McMurray and THornton, Anal. Chem. 24, 318 (1952) 
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If the substituents are other than non-polar carbon atoms, however, the 
characteristic absorption may be markedly shifted in frequency. Some of these 
frequency variations have been noted in the literature (references noted below) 
but several have not been well explained. The present work attempts a complete 
characterization of the factors affecting them. 


The vibrational modes 
The following are approximate descriptions of the motions which give rise to 
these absorptions. 


H 


Case 1. Trisubstituted ethylene, C—C. There can be no doubt that the 


vibrational motion of the absorption at ~820 cm~! for this structure is essentially 
an out-of-plane wagging motion of the lone hydrogen [4, 5}: 


HG 
C=C 
(here, and below, © indicates motion toward the reader from the plane of the 
paper, © will indicate motion away from the reader). 
H H 


Case II. cis-Disubstituted ethylene, C—C. Here again it seems quite 


certain that the motion of the out-of-plane hydrogen deformation having an 
absorption in the region 675-730 cm~' is essentially |4, 7]: 


has little or no dipole moment change (depending upon the degree of similarity of 
the groups attached); the absorption thus has trivially small intensity, and 
therefore is not useful as a group correlation frequency. 


H 


Case Ill. trans-Disubstituted ethylenes, C=C. The strong absorption at 


H 


[7] Krcparrick and Pirzer, J. Research Nat. Bur. Standards 38, 191 (1947). 
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~%65 em~!, shown to be an out-of-plane hydrogen vibration from vapor spectra 


HG 
[4, 7], must arise from the vibrational motion C=C, as the other possi- 
HG DH 
bility, C—C, has little or no dipole moment change. The torsional angle between 
H 
the two C= planes changes during the allowed vibration; hence we prefer to 


H 
describe this motion as a twist* of the ( 
below. 


C bond, and it will be so referred to 


H 
Case IV. Asymmetrical disubstituted ethylene (vinylidene), C—C. The 


H 
strong absorption at ~890 cm~", also easily shown to be an out-of-plane hydrogen 


H 


motion [4, 7], must arise from the motion C=C; again, the other possibility, 


HG HG 
C=C, has little or no dipole change, and hence is of no interest as an 


H 
infrared group frequency. The former motion will be referred to in the following 
discussion as a CH, wag. 


H H 
Cases V and VI. Monosuhbstituted ethylene (vinyl), C=C. The exact 


H 
nature of the modes giving rise to the strong absorptions at ~990cm~! and 
~910 em-! have not been known certainly except for mono deutero ethylene 
[8]. (There being no element of symmetry except the plane of the five atoms, 
there should be a third out-of-plane hydrogen deformation active in the infrared 


‘ 


spectrum. It is actually found at ~580 cm~! [5, 7] but does not appear to be a 


* The highest frequency non-planar motions of ethylene (1027 cm~', vapor) mono deutero ethylene 
(999 em-' vapor), and trans-dideutero ethylene (987 cm~! vapor) have been assigned by ARNETT and 
CRAWFORD [8] as the twist mode. 


[8] Annerr and Crawrorp, J. Chem. Phys. 18, 118 (1950). 
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good group frequency, and will not be discussed further here.) It has been sus- 
pected that the 910 em~! mode is essentially similar to case IV (vinylidene) above, 


as these two group frequencies behave in a similar manner as the substituents 
are varied {1, 4,7]. The nature of the 990 em~!' mode has remained in doubt, 
however. 

A complete normal co-ordinate analysis of the out-of-plane vibrations of viny! 
bromide, using a perfectly general force field, has recently been made [9]. The 
results of this treatment show that the 990 em~!' mode (936 em~'! in vinyl bromide, 


Ho 
see discussion below) essentially (hereafter referred to as 


SH H 
case V), while the 910 cm-! mode (898 em~! in vinyl bromide) is essentially 
He 
C=C (hereafter referred to as case VI). Hence, case V is clearly 


4 


He 


analogous to the out-of-plane hydrogen deformation of trans-ethylene (case IIT), 
is conveniently described as a C--C twist, and is expected to be similar in behavior 
toward the nature of various groups attached to the C=C group; case VI is 
obviously similar to case LV, the vinylidene type of substituted ethylene, as has 
long been suspected, and is best described as a CH, wag. In the data and dis- 
cussion below, cases II] and V, the C=C twist motions, will be compared, as 
will cases IV and VI, the CH, wag motion. 


Observed frequencies for differing substituents 


Experimental results 

The spectra used in this study have been obtained on various spectrometers 
in use in this laboratory throughout the past several years. Except where other- 
wise noted, all spectra were obtained in CS, solution. No special precautions 
were taken with purity of materials, as the very absorptions under discussion are 
generally sufficient evidence for the identity of the material. The frequencies 
given below are believed reliable to +3 cm~! (measurements made more recently 
are reliable to +1 cm~'!, but no distinction is made below). Only frequencies for 
vinyl, vinylidene and trans-ethylenic groups are given; the other groups (tri- 
substituted and cis-disubstituted ethylenes, cases I and II) are less common in 
organic chemistry, and their out-of-plane hydrogen deformation absorptions make 
less reliable “group frequencies’, as discussed below. 

The ethylenic out-of-plane hydrogen deformation frequencies are listed below 
in the Tables, which give the frequencies for the C=C twisting motion of the 
trans-compounds (Table 3), the CH, wagging motion of vinylidene compounds 


[9] Scuerer and Ports, J. Chem. Phys. in press. 
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(Table 4), and the C—C twist and CH, wag motions of vinyl compounds (Table 1). 
In these tables the number in parentheses after the structural formula type is 
the number of different molecules of this type observed. 


Discussion 

In the following discussion it has been tacitly assumed that all frequency 
variations of these out-of-plane hydrogen deformations within a given C—C group 
result from a change in just one force constant (or at any rate a small, essentially 
interrelated group of force constants) which is produced by the chemical nature 
of the substituent group. We have also assumed that the out-of-plane hydrogen 
vibrational motions of the ethylenic hydrogens do not couple to any great extent 
with any motions in the substituent groups, so that their variations with different 
substituent groups are essentially independent of ‘‘mass effects’. Whether or not 
we are justified in so doing must await a complete normal coordinate analysis 
of the out-of-plane vibrations of such molecules as propylene, ally! chloride, etc., 
to determine just how large a contribution is made to those normal modes by 
other motions in the substituent groups. Until this is done, we shall neglect such 
“mass effects’ for both the reasons of practicality and the fact that we are able 
to explain the data, for the most part, on the basis of “‘chemical effects” alone. 


H 


4 


CaseI. C=C 


In simple ethylenic hydrocarbons, the out-of-plane hydrogen deformation 
vibration has a frequency in the range 800-840 cm~!, as noted above. If the 
substituents are not simple non-polar carbon atoms little seems to be known about 
the constancy of this frequency. This probably results from: (1) the simultaneous 
effect of three different substituents may be just a bit too complex to assess; 
(2) the absorption is generally not highly intense, as are those of hydrogen de- 
formations of other ethylenic groups; (3) not enough examples occur in organic 
chemistry to provide sufficient data. (See discussion by BeLLAmy [1], p. 52.) 
The chlorinated trisubstituted ethylenes are difficult to evaluate, for the 
C—C] stretch vibrations also occur in this frequency range. Sufficient data on 
other substituents are lacking; this case will not be discussed further. 


H H 


Case ll. C=C 


Of all these olefinic hydrocarbon group frequencies, this is the least reliable. 
SHEPPARD and Simpson [5] give a range of 675-728 cm~ for the absorption, while 
BELLAMY [1] has stated that insufficient data are available to establish a definitely 
reliable range for this characteristic frequency. Observations by the present 
writers indicate that this mode does not give a good group frequency (at least 
not in the region of the spectrum above 650 cm~'), and only in relatively few 
cases is it of any value for characterization of olefinic substitution. The factors 
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controlling its frequency and intensity (both of which appear to vary greatly) 
are not understood at present. This case will not be discussed further. 


H H H 


Cases Il and V. C=C twist in C=C and 


H H 


The similarity of these two vibrations was noted above, and it is convenient 
to discuss them together for the sake of comparison. As more data are available 
for the vinyl type of compound, its twist vibration frequency will be discussed 
first and correlations with chemical structures made; such correlations will then 
be extrapolated to the case of trans-disubstituted ethylenes. 

The first column of Table | lists the C—C twist frequencies of a great variety 
of mono-substituted ethylenes. A study of this table clearly indicates three 
important points of characteristic behavior of the twist frequency with respect 
to the nature of the groups attached directly to the C=C group: 

(1) The twist frequency of the vinyl group falls in the range 985-1000 em~! 
when the substituent is a “hydrocarbon type” carbon atom [1—6] (see examples 
1-33). There are a few variations of this rule, but all can be reasonably explained: 

(a) The higher C—C twist frequencies observed for the cases where certain 
other C=C groups are attached directly to the vinyl group (examples 13 and 
15) are probably the result of interaction of the twisting modes in each group. 

(b) A trend is noted in the first four examples in Table 1: there is a pro- 
gressive shift toward higher frequency of the twist mode as the «-hydrogens 
are replaced by alkyl groups. The writers suggest that this may be largely the 
result of interaction of the «-hydrogen motions with the C=C twist motion, 
this being one case in which the twist motion is not a ‘‘pure’’ normal co-ordinate, 
as has been assumed. We further suggest that the twist frequency of t-butyl 
ethylene (or 3:3-dimethylbutane-1) might best be regarded as the “purest” 
twist vibration in these four molecular types. An argument in justification 
of this suggestion is presented below. 

(c) The slightly lower twist frequency of vinyl acetylene (example 17) may 
result from an inductive effect of the acetylenic group (see discussion below). 

(d) The slightly lower vinyl twist frequency of styrenes (examples 10—12) 
with large electronegative atoms in the 2 and/or 6 position may be the result 
of steric interactions (substituents in the 3 and 4 positions appear to have no 
effect on the vinyl twist frequency). 

(e) The allyl halides and allyl cyanide (examples 19-22, 33) have twist 
frequencies a bit lower than the 985-995 cm~! range [10-12]. Although the 
CH, group is a partial “insulator” of inductive effect, it apparently does not 
completely insulate these electronegative atoms and groups from the vinyl 


group. This latter hypothesis is supported by the greater drop in frequency 


BarRnarp, Bateman, Harpine, Kocn, SHerprparp and SuTHERLAND, J. Chem. Soc. 915 (1950). 
SHerrarp, J. Inet. Petrol 37, 05 (1951) 
Kitson, Anal. Chem 25, 1470 (1953) 
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Table 1 Twist and CH, wag frequencies of monosubstituted ethylenes 


C—C twist CH, wag CH, wag Ist 
Molecule frequency frequency overtone 
(em~*) (em~') 
986 908 1821 


988-992 908 1820 


996 
CH, 
(CH,),C—CH—C 999 910 
Unsubst. 989 906 


p-subst. O ; ‘H, 82-090 o-p-dir. 
~910 m-dir. 


m-subst. © ; ; 5 982-990 905 


990 


~ 1860? 


1011 (CCI,) 907 (CCl) 


995 910 


1 CH,—CH 
2 | R—CH,—CH—CH, (5) | 
CH, 
3 1830 
4 1830 
45 
~1830 
1820 
CH, 
8 CH=CH, (2) 986 910 1830 
lie — 
CH, 
CH—CH, (2) 922 1852 
CH, 
Cl 
10 CH=CH, (4) O86 916 1842 
/ 
Br 
11 CH—CH, 983 915 
Cl 
CH=CH, (2) 979 931 
Cl 
13. CH,=—CH—CH—CH, 1819 
: Cc CH 1825 
14 CH,—CH-—CH,—CH 2 — 
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Table 1 (contd.) 


C=C twist CH, wag CH, wag Ist 
Molecule frequency frequency overtone 
(em~'*) (em~*) (em~'*) 


1001 1810 
948 (twist 
ot trane 
1819 
S80 (vinylidene 1700 
CH, wag) 
025 ~ 
095 H12-915 1840 
029 1861 
1870 
1850 
918 1845 
975 937 1883 
979 (vapor) 965 (vapor) 1927 (vapor) 
915 1845 


| 921 1843 


(923 ~ 1853 


990 (920-925 (sh) 
1930-940 


982 


922 ~ 1850 
926 1862 
943° 


936 


* Data from reference [15] on p. 689 


156 CH,—CH—CH—CH—CH, 

16 CHy—C(CH,)—CH—CH, 

Is (10 

19 

200 —-CCIH—-CH-CH, 

21 Br—CH,—CH—CH, 

22 I—_CH ,_CH—CH, 

23 «Cl, —-CH—CH—CH, 

a4 CF,—CH—CH, VOL. 
25 HO-—CH,—-CHe-CH, 
1959 
26 | RO—CH,—CH—CH, (2) 

29 «CH,—CH—CH—CH, 919 1853 

OH 

31 R—C—N—CH,—CH—CH, (2) 

32 | 

33 | N=C—CH,—CH—CH, 

34 «I--CH—CH, 

35 Br—CH—CH, = 1803 
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Table 1 (contd.) 


C<-C twist ‘H, CH, wag Ist 
frequency frequency overtone 


(em~*) (em~*) (em~') 


Y3S 

(vapor)** 863 (vapor) 
O39 1739 
O38 SUN 
N75 1957 


~ (CS, soln.) ~ (CS, soln.) 120 (CS 


972 vapor) Vapoi L005 (vapor 
1855 


002 (mull) mull 1920 (mull 


{955 ~1922 


‘H, 1952 


NH,* SO, ; , 973 (mull) 960 (mull) 1920 (mull) 


Na,** PO, j ‘H, ? 965 (mull) 1928 (mull) 


960 S13 


(CH CH,) “60 alo 
943 (sh) 824 (sh) 


* Data from reference |18| on p. 689%. See footnote on p. 689. 


36 «ClL-CH—CH, 
37 F-CH—CH, 
3s S—C—N—CH—CH, 
39 N=C—S—CH—CH, 
40 =R,Si—CH--CH, 3) 
41 
48 N=C—CH—CH, 
45 H N—C—CH=CH, 
[5 46 (2) (984 
359 
47 | HC—CH—CH, 063 1941 
) 
48 R—O-—-C—CH—CH, (10) 1925 
49 | CH,—_O—C—CH—CH, O85 1942 
55 CH—O—CH=—CH, (3) 961 810 — 
823 
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Table 1 (contd.) 


C=C twist CH, wag CH, wag Ist 
Molecule frequency frequency overtone 


(em~'*) (em~'*) (em~') 


962 (sh) 


c 
56 C—C—O—CH=CH, (2) S24 - 
= 
57 o—O—CH=—CH, 851 
58 O—O—O—CH—CH, 045 S6Y = 
0 
60 C,H,—C—O—CH—CH, 949 s6Y 
61 CH,—C—O—CH—CH, 950 873 - 
i 2 
0 1959 
62 | 43 878 
63 Cl, —-CH—C—-0—CH—CH, 939 882 
0 
64 935% 890 
65 N—CH=CH, 980 842 
CH,—CH, 
66 N—CH—CH, 973 S41 
CH,—CH, 
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Table 1 (contd.) 


C—C twist CH, wag CH, wag Ist 
Molecule frequency frequency overtone 
(em™~*) 


exhibited by 3:3-dichloropropene-1 (example 23) and 3:3:3-trifluoro propene-| 

(example 24). 

(2) The C=C twist frequency of the vinyl group appears to be nearly insensitive 
to resonance effects of the C—O group [13] (examples 45-50). This is quite different 
from the behavior of the CH, wag frequency, as is discussed below. 

(3) As has been noted by other authors [12-17] there is a marked decrease of 
the C=C twist frequency (from ~990cm~!) when an atom or group of high 
Pauling electronegativity is attached directly to the C—C group. Vinyl bromide, 
chloride and thiocyanides have their twist frequency ~50 cm~! lower than simple 
vinyl hydrocarbons, while vinyl! fluoride* has its twist frequency as low as ~925c 


* We have taken the assignment of Pitzer and Freeman [18] for the twist frequency of vinyl 
fluoride because it fits our explanation of these frequencies appearing below. Bak and CristTENSEN [19 
prefer ~940 cm! for this frequency, their assignment being based on the product rule and the fre- 
quencies of the various deutero isotopes. As they point out, this entire region is covered by the intense 
929 A’-type fundamental, and the required A” (type C) absorption would probably be masked. A normal 
coordinate treatment of the out-of-plane modes of the various deutero isotopes of vinyl fluoride is in 


progress at present [20] to settle this point. 


[13] Davison and Bares, J. Chem. Soc. 2607 (1953). 

[14] THompson and Torkinoton, Proc. Roy. Soc. A 184, 21 (1945). 
[15) THompson and Torxrnoton, J. Chem. Soc. 303 (1944). 

[16] THompson and Torkinoton, Trans. Faraday Soc. 41, 236 (1945). 
[17] Purirorts, Distillers Ltd., England. Private communication. 
[18] Prrzer and Freeman, J. Chem. Phys. 14, 586 (1946). 

[19] Bax and CristEensEeN, Spectrochim. Acta 12, 355 (1958). 

[20] ScuHererR and Ports, J. Chem. Phys. In preparation. 
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em~' (examples 34-39). Oxygen groups (examples 53-64) attached directly to the 


vinyl group result in a twist frequency 40-50 em”! lower, while nitrogen groups 


(examples 65 6S) give only somewhat (10—20 em ty lower frequencies. On the 


other hand, groups whose electronegativity is Jower than alkyl groups (metallic 


elements, examples 40—42) produce an increase in frequency of ~20 em=!, 


This behavior suggests that this twist frequency bears some direct relation to 


the inductive power of the atoms or groups bonded directly to the C—C group. 


When chemical parameters with which to compare properties of molecules con- 


taining inductive groups are considered, Pauling electronegativity and its various 


extensions to include group electronegativities immediately suggest themselves. 


However, no quantitative correlation whatsoever appears to result between the 


C=C twist frequency in vinyl compounds and the usual electronegativities of 


this type, no matter which scale is used.* Most of these scales all appear to suffer 


from the same defect: the values for oxygen groups and carbon groups are too 


high compared to the values of halogens. 


A parameter which seems to show a far better quantitative correlation with 
the C-—C twist frequency is the pA, value of the acetic acid substituted with the 


same group which is directly connected to the vinyl group. Table 2 compares the 


pA, values of acids of the form G—CH,—C—OH and the twist frequencies of 
molecules of the form & CH CH,. 
Another parameter which shows a qualitative correlation with the twist 


frequency is the o’ constant of Roperts and MoreLanp [28], and the o* constant 


of Tarr [29]. (Tarr [30] has shown that these parameters are essentially identical 
except for a proportionality factor.) The o’ parameter is listed in the third column 
of Table 2. 

As the pA, value of the corresponding substituted acetic acid shows a better 


quantitative correlation it has been plotted vs. the twist frequency in Fig. 1. 


The points lie along a smooth curve to a very reasonable degree. except for a 


few isolated cases, whose discrepancies can be explained: 


(a) The point (=N lies well off the curve. The pA, value of cyanoacetic 


acid as measured probably represents reactions other than simple acid dissociation. 


These pA, values are determined by electrical conductivity in aqueous solution. 


This technique simply ‘counts ions’. Thus, the high conductivity of cyano 


Pautone [21], Gorpy [22] and Hucerms 
23), group electronegativities from carbonyl frequencies [24], organic phosphate phosphory] frequencies 
5), H stretching frequen ies [26] and direct calculations {27}. 


* Scales tried include values of atomic elects megativity 


PAULING, Nature of the Chemical Bond p. 64 Cornell University Press, Ithaca (1942). 
(22) Gorpy. Phys. Re 69, 604 (1946). 

23) Hucerns, J. Am. Chem. Soc. 75, 4123 (1953). 

24) Kacarise, J. Am. Chem. Soc 77, 1377 (1955). 

25) Bett, Hester, TANNENBAUM and GoLpENson, J. Am. Chem. Soc. 76, 5185 (1954). 
26) Witmuvurst, J. Chem. Phys. 28, 733 (1958 

27) Witmuurst, J. Chem. Phys. 27, 1129 (1957). 

28) Roperts and More.anp, J. Am. Chem. Soc. 75, 2167 (1953). 

20) Tarr, J. Am. Chem. Sor 74, 3120 (1952): Ibid 75, 4231 (1953). 

Tart, Steric Effects in Organic Chemistry (edited by NewMan). John Wiley, New York (1956). 
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eka OF G-CH2~COsH 


cen 
940 950 960 
yv,C=C TWIST MODE OF 


0 
Fig. 1. of compounds G—CH,— vs. frequency of C—C twist 


OH 
of compounds G CH—CH.,. 


5 Twist frequency 
' 
159 Group, G of G—CH—CH, 
(em™?) pk, of G 


(CH,),Si 1009 
(CH,),C 999 
(CH,),CH 996 
CH,—CH, 990 
CH, 986 
O 989 


Cl 983 
I 982 

981 


972 


963 
960 
944 
943 
936 
938 


Qox+ 


* pK, values from International Critical Tables. 
+ o’ values from p 595 of reference | 30). 
See footnote on p. GSU. 


0-12 
0-07 
0-056 
0-052 
0-045 
0-10 


5.2 
OQ end = = 
Br 
4 
ci 
24 
920 930 990 1000 
Table 2. Comparison of twist frequencies with chemical parameters 
CH,—_ OH* 
4-78 
4-82 
4-88 
4°26 
4-19 - 
4-08 0-17 
4-06 
4-01 
O H 3°65 
R—C—N 
CH,—O 3°53 0-23 
N=C 2-44 0-58 
O- 3°13 0-38 
I 3-15 0-38 
Br 2-87 0-45 
Cl 2-86 0-47 
F 2-68 0-50 
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acetic acid may be due to hydrolysis of C=N, besides acid dissociation, and 
therefore its pX, value should not be compared to others in this series. 

(b) Methyl, ethyl and isopropyl points clearly fall off the plot. However, as 
suggested above, it may be that deformation motions of the «-hydrogens couple 
with the twist mode, making it “less pure’, and hence not correlatable with 
chemical effects directly. (Presumably a complete normal co-ordinate treatment 
of all these molecules would yield, when coordinates were properly chosen, a 
force constant which would correlate with chemical properties and remove this 
CH, O 


difficulty.) The pA, value for CH,—C—CH,—C—OH was not discovered in the 


CH, 
literature, but extrapolation of the trend of the three points—methyl, ethyl and 
isopropyl—will cross the curve in approximately the right region. Hence, we 
regard the t-butyl group as the best ‘‘neutral” group for this comparison. 

The property of the substituent groups which causes the variation of pK, 
value of acetic acids is, of course, its inductive power (not to be confused with 
Pauling (or other) atomic electronegativities!). Just how increased inductive 
power affects the electron bonds in the vinyl group to cause a decrease in the 
twist frequency is not clear at present, however. Nonetheless, the writers are of 
the opinion that the correlation between pA, values of acetic acids and vinyl 
twist frequencies is a useful one. 

Returning now to the case of the twist motion in trans-disubstituted ethylenes, 
we see that its behavior is governed by the same factors which appear to influence 
the twist mode in vinyl compounds, as has been remarked above. The values of 
the twist frequency for several trans-disubstituted ethylenes are listed in Table 3. 
Again we note the three major points of characteristic behavior of this frequency 
with the nature of substituent groups: 

(1) If the substituent is a “hydrocarbon type” carbon atom, the twist frequency 
falls in the narrow range 958-967 cm~ [1—6] (examples 1—6 in Table 3). 

(2) The twist frequency is essentially independent of resonance effects. Con- 
jugation with a single phenyl, nitro or carbonyl group still produces a frequency 
of ~965cm~' (examples 2, 3, 7, 20-24). Conjugation with two such groups 
produces a slight frequency increase of 8-10 cm~! (examples 25-31). 


H O 


All the examples containing the structure 0—C—C—C— exhibit a shoulder 


H 


on the high-frequency side of the twist vibration absorption. This may be the 


result either of 


the presence of two rotation isomers: C=C 


Lie 
15 
1959 


4 = 
ie 
j 
+. 
3 O 
H Ou 
“On 
lal 
/ 
H 
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H 


and C=C, or may be a different, and completely unrelated, fundamental. The 


H ‘C—O 


fact that the molecules containing the structure C—C do not show a similar 


CH, H 


effect supports the latter suggestion. 
(3) Again, as has been noted previously by other authors [12, 31], there is a 


marked decrease in the C=C twist frequency (from 965 em~') when groups of 
high inductive power are attached directly to the C=C group. The presence of 
one Cl (examples 10, 11, 13, 15), or one Br (example 12), or one O (example 17) 
attached directly to the C=C group results in a frequency decrease of ~35 em~'; 
the presence of two such groups (examples 18, 19) causes a frequency decrease of 
~70 cm~', or just twice the effect of a single inductive group. On the other hand, 
the presence of an electropositive (metallic) element (example 16) appears to 
produce the reverse effect: in this case the boron atom apparently almost cancels 
the effect of the Cl atom. 

It appears, then, that this inductive effect of substituent group upon the twist 
vibration in trans-disubstituted ethylenes is essentially algebraically additive for 
the two substituents, for two like substituents produce just twice the frequency 
change of one, while two dissimilar substituents appear to cancel each other's 
effect. This is clearly an extrapolation of the effect of these same chemical groups 
upon the vinyl twist frequency discussed above, and we now are in a position to 
predict at least qualitatively the twist frequencies of all simple trans and vinyl 
ethylenic compounds. 


H H H 


Cases IV and VI. CH, waginC=—C and C=C 


H H 


Just as in the case of the twist motions, the similarity of the CH, wag motions 
makes it convenient to discuss their behavior in vinyl and vinylidene compounds 
together. And again, as more data are available for the vinyl type of compound, 
we shall discuss its CH, wag motion first, then extend the discussion to include 
the disubstituted vinylidene compounds. The fourth column of Table 1 lists the 
CH, wag frequencies of the vinyl compounds, and their first overtones appear 
in column 5. 

One of the characteristics of the CH, wag vibration is the presence in the 
spectrum of a strong first overtone [15]. (Such a strong first overtone does not 
appear to be characteristic of the twist vibration.) Further, this overtone is 
almost always at frequencies slightly greater than twice that of the fundamental. 


{31} Nature 168, 1028 (1951). 
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Table 3. C=C twist frequencies of trans-disubstituted ethylenes 


C twist frequency 


No. Molecule 


(em 1) 


962-966 


967 


| 

l R—C--C—R (6) 

H 

H 

2 ( CH, 959 

H 

H 

3 o—C—C—9O 958 

= H 

a 

H 
VVUle 
( ( 0 (3) 96 
H CH, 

H 

) X—C—C=C— X $) 960- 

‘ O—C—C—CH,—O 2) 

H 

7 NO, (2 964-967 

H 

CH,—_C=C—C=N 953 

H 
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Table 3 (contd.) 


C=—C twist frequency 


(cm 1) 


No. Molecule 


13 CH, 0) (3) 925-932 


14 (4) 930-942 


16 Cl—C=—C—-B(OH), 960 


| 
H 
9 o—C—C—CN 962 
H 
H 
10 Cl—C=C—CH, 926 
H 
H 
1] Cl—_C—C—-CH,—Cl 931 
H 
Lie H 
ae) 12 Br—C—C—CH, Br 935 
H 
H 
H 
H 
H 
H 
15 Cl—_C—C—_C=N 920 
H 
H 
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Table 3 (contd.) 


C twist frequency 


Molecule 


CH(OCH,), 


966 


N(CH), 


H 
17 CH, —O—C—C— 929 
H 
is cil—C=C—Cl 892 
H 
19 Br—C—C—Br 896 
H 
15 
20 CH,—_C—C—C—H 64 10c0 
H 
H oO 
21 CH,—_C—C—C—C=C—H 967 
H 
H 
22 CH,—C=C—C—OH = 
H 
23 968 
H O 
24 CH,—C—C—C— 966 
ria 
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Table 3 (contd.) 


twist frequency 
Molecule 


972 (sh 983) 


975 (sh 984) 


976 (sh 985) 


976 (sh 985) 


No, 
H 
25 @—C=—C—C—CH, 
H 
H 
26 
H 
H oO 
27 O—C=—C—H 972 
H 
H 
5 
H 
H 
29 o—C=C—_C—O—-R (2) 
H 
OH 
30 R—O—C—C—C—C—O—R (3) 976 
H 
OH 
31 975 
H 
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This peculiarity of the ‘ H, wag—relatively strong negative anharmonicity—is 
most useful in characterizing this vibration. The universal appearance of this 
overtone. in all cases in which a strong fundamental or other strong overtones do 
not coincidentally lie at the same frequency, may be taken as substantiating 
evidence of the correctness of the band assignment. Conversely, a fundamental 
assigned to such a CH, wag not having a relatively strong overtone is probably 
misassigned. There appear to be no exceptions in the data in Table 1; if a first 
overtone is not given it is because another fundamental or other known strong 
evertones and/or combinations (i.e. those of phenyl rings) have masked it. 

The behavior of the CH, wag frequency as a function of substituent groups 1s 
somewhat complex. As long as the vinyl group is attached to a non-polar carbon 
atom [1-6] the CH, wag frequency falls in the narrow range 905-912 em=! (examples 
I-18). This appears to be true whether the substituent carbon atom is saturated 
or unsaturated, except for: 

(a) Styrenes with bulky groups in the ortho-position (examples 8-12). The 
higher CH, wag frequency observed in these ortho substituted styrenes probably 
is at least partly the result of steric factors (2:6-dichlorostyrenes at 930 cm", 
2-chlorostyrenes at 915 em ~'), but this does not appear to be the complete 
explanation, for the CH, wag frequencies are the same for o-chlorostyrenes and 
o-bromostyrenes (examples 10 and 11). Resonance effects appear to have little 
to do with this, as halo substituents in the para-position of styrenes cause slight 
shifts toward lower frequencies 

(b) Certain cases in which the \ invl group is close to or in conjugation with 
other C—C or CC groups (examples 13-16). As there appears to be no correlation 
of the frequency with type of C—C conjugation, these compounds probably have 
perturbed CH, wag frequencies because of interactions between the out-of-plane 
hydrogen deformation modes of the two groups (so called ““mass effects’’). 

All other types of substituents on the vinyl group appear to shift the CH, wag 
frequency to a greater or less extent, some types of groups causing a frequency 
rise. others causing a frequency decrease from the value found for vinyl hydro- 
carbons. As will be seen, these frequency shifts are quite different in nature from 
those observed for the twist frequency. 

The presence of a halogen or other polar group attached to a carbon atom « 
to the vinyl group (as allyl halides, CH,—CH CH,—X) appears to raise [10,11] 
the CH, wag frequency ~15-20 cm ! (examples 19-33). The effect appears 
to be additive: the effect of two «-chlorine atoms is somewhat greater than one 
(compare examples 19and 23); thetrifluoromethyl! group producesa most pronounced 
shift (example 24), causing a frequency increase of ~50cm~'. When oxygen 
groups are attached to the a-carbon atom [10, 11] as in allyl ethers and esters 
(examples 25-29), a frequency rise of ~5-25 cm 1 is noted, depending on the 
nature of the oxygen function. (In phenyl allyl ether and the allyl esters the 
CH, wag absorption is double, probably the result of rotational isomerism, as 
suggested by Davipson and Bates [13].) Examples 30-33 give a few other cases 
of frequency rise when polar groups are attached to a carbon atom « to the vinyl 
group. 


When electronegative atoms or groups (but not O or N) are attached directly 
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to the vinyl group, there is a 10-15 em~' drop in frequency [14-16] (examples 
34-39). When electropositive groups are attached directly to the vinyl group, 


however, there is a marked rise in frequency of 50-65 em~! (examples 40-42). 


If the vinyl group is attached directly to a carbonyl group, as in vinyl! ketones, 
acrylates and acrylamides (examples 45-50) there is a frequency rise of the CH, wag 
vibration [13] of 45-60 em~', vinyl ketones having ~45 cm~' increase, acrylate 
esters ~55 cm~! increase and acrylic acid ~60 cm~' increase. A similar large 
frequency rise is also observed when the vinyl group is attached to the groups 

C=N, —SO,-NH,* and —PO,?-Na,?* (examples 43, 51, 52). 

The frequency variation of the CH, wag in vinyl groups attached to an oxygen 
atom is quite different, and appears to have been correctly interpreted only 
recently [17, 32]. Unlike most of the other classes of compounds discussed above, 
the first overtone frequency is seldom found (for reasons discussed below), perhaps 
masking the identity of this vibration. 

It has been noted that the CH, wag for vinyl esters of simple organic acids 
is at 868-873 cm~! [13] (examples 58-61), about a 40 em~! drop in frequency 
compared to the hydrocarbons. However, vinyl esters of acids which have halogens 
or other electronegative groups in the «-position, and are thus more acidic, show 
progressively less frequency drop of the CH, wag vibration as the acid portion 
of the ester is progressively more acidic (examples 62-64). This appears to make 
an interesting trend, which we may extrapolate in the other direction. 

Phenyl vinyl ether (a vinyl “‘ester’’ of a less acidic substance, e.g. phenol) 
has a strong absorption at 851 cm-!, ~60cm~! below that of hydrocarbons 
(example 57). This is believed to be the CH, wag frequency. (Presumably vinyl 
ethers of more acidic phenols, as the o- and p-nitrophenols, di- and tri-nitrophenols, 
would exhibit a CH, wag absorption at higher frequency, say 860—880 
cm~!,) 

Finally, vinyl ethers of the least acidic oxygen functions, namely alcohols, 
have the lowest frequency CH, wag absorption, which we have assigned to the 
strong absorption at 825 cm~! in fert-alkylvinylethers (example 56) and 813 em~? in 
methylvinylether (example 53). Primary alkylvinylethers (example 54), however, 
give two absorptions in this region, at ~813 em~! and ~825 cm~, the 813 em~! 
absorption being the stronger; secondary alkyl vinyl ethers (example 55) also 
have two absorptions in this region at ~813 em~' and ~825 em~', but of about 
equal intensity. These two frequencies seem best explained as the result of 
rotational isomerism, probably about the alkyl carbon-oxygen bond. This pro 
bably also explains the twist frequencies: methyl viny! ether 963 em~'; primary 
alkyl vinyl ethers 960 em~' with a shoulder at 943 em~!; secondary alkyl ethers 
967 cm~' and 944 cm~', approximately equal intensity; tertiary alkyl vinyl ethers 
a single absorption at 945 cm~'!; all of which frequencies are clearly analogous in 
intensity ratio to the CH, wag frequencies. Fig. 2 compares the spectra of these 
four compound types. (The 945 cm~! absorption had previously been assigned 
[13] to the CH, wag, the 960 em~'! absorption to the twist.) 

It is interesting to note that the first overtone of the CH, wag in alkyl viny! 


[32 Meakins, J. Chem. Soc. 4170 (1953). 
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ethers falls directly in the C—C stretch region at 1640 cm~!. It seems likely that 
Fermi resonance between the CH, wag overtone and C=C stretch, plus the com- 
plication of rotational isomerism, explains the multiple absorptions that usually 
occur at ~1640 cm~! in alkylvinylethers [32]. 

Presumably, were vinyl alcohol stable, it would show a CH, wag frequency 
somewhere near 825 cm~'. 

The behavior of the CH, wag frequency in the vinyl group when the substituent 
is nitrogen appears to be analogous to the oxygen case. However, less data (see 
examples 65-68) were available to the writers, only a few “acidic” type nitrogen 
compounds being examined. Presumably N-vinylamines (if they are stable 
enough for an infrared spectrum to be obtained) would have a very low CH, wag 
frequency, perhaps 780 cm~' or lower. 

Just as the factors which appear to effect the twist frequency appear to be 
roughly additive when the twist frequencies in vinyl- and trans-disubstituted 
C—C groups are compared, so the factors affecting the CH, wag frequencies are 
also additive. In Table 4 are listed the CH, wag frequencies of the vinylidene 


(C—CH.,) group and also the frequencies of their (relatively) strong first overtones. 


The examples are fewer, as this group is less common in organic chemistry than 


the vinyl group. 
As long as the two substituents are non-polar carbons [1-6] the CH, wag fre- 
quency is 885-890 cm~' (examples | and 2), again with the exception of 2:3-di- 


chloro-z-methylstyrene (example 3), whose higher frequency is presumably the 
result of steric interactions, as discussed above. 

A halogen (or other electronegative group) on a carbon atom « to the vinylidene 
group results in a frequency rise (compared to non-polar hydrocarbons) of 5-25 
cm~! (examples 4-7). On the other hand, when the halogen is attached directly 
to the vinylidene group, the CH, wag frequency drops ~10 cm~ (examples 8 
and 9). The presence of two chlorine atom substituents gives a frequency drop 
of ~20cm~! (example 10), two bromines ~10ecm~! (example 11), while two 
fluorines results in a frequency drop of ~80 cm~! (example 12). The effects of 
both an «-halogen and a halogen directly attached to the C=C group appear to 
cancel each other approximately (examples 13, 14 and 15), while a trifluoromethyl! 
group decidedly overcompensates the effect of a directly attached bromine (ex- 
ample 17), giving a CH, wag frequency rise of ~40 cm. 

The carbonyl! group appears to have the same effect on the CH, wag frequency 
of the vinylidene group as with the vinyl group, giving a frequency rise [12, 13] 
(over hydrocarbons) of ~40 cm~! in the case of ketones (examples 25, 26), ~50 
em~! rise for esters (examples 21, 22), and ~55 cm~ rise for acids (examples 23, 
24). The cyano group when connected directly to the vinylidene group also gives 
a frequency rise of 40 cm! (example 29). The effects of both Cl and carbonyl or 
cyano together on the CH, wag frequency appear to be the simple sum of the 
effects of the separate groups (examples 27, 28 and 30). 

These effects, then, are exactly analogous to those displayed for the CH, wag in 
vinyl groups, and are algebraically additive to very good approximation. Three 
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Factors affecting the out-of-plane hydrogen deformation frequencies 


Table 4. CH, wag frequencies of vinylidene disubstituted ethylenes 


CH, wag Ist 


CH, wag frequency 
overtone 


Molecule (em-) 


(em!) 


885-890 


R 
C—CH, (8) 1785-1795 
R 
CH, 
2 C—CH, (7) 885-895 1785-1805 
CH, 
3 C—CH, 905 1820 
cl Cl 
5 
CH, 
| 4 C—CH, 902 1820 3 
Cl—CH, 
5 C—CH, 907 1820 
Cl—CH, 
CH, 
6 C—CH, 893 1792 
HOCH, 
CH, 
7 HO C—CH, 914 1840 
CH 
N=C 
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Table 4 leontd.) 


CH, wag Ist 


CH, wag frequency 
Molecule 1), overtone 


(cm 1) 


S04 (vapor) 1613 vapor) 


— 

CH, 

( CH, 875 1765 

a 

9 CCH, 877 1768 

Cl 

10 C=-CH, 867 1744 

Cl 

Br 
= 
CCH, 877 1765 1959 

Br 

l2 C—CH, 

13 C—CH, 1788 

Br 

14 ( [soz 

Br—CH 

15 ‘ CH, SS7 

O—CH, 
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Table 4 (contd.) 


( H, wag Ist 


CH, wag frequency 
Molecule : 


overtone 


(cm 1) 


(em 1) 


1600 


939 


1905 


No. 
Cl 
16 C—CH, 897 
N 
br 
17 C—CH, 929 
CF; 
( ‘Hy, 
18 C—CH, 869 
CH,—C—O 
CH, 
Lae) 
19 C—CH, 795 iz 
CH,—O 
C,H,—O 
‘ 20 C—CH, 711 
C,H,—O 
CH, 
2) 0 C=CH, (3) 939 1882 
R—O—C 
C,H,, 
22 C=—CH, 1888 
( ‘H, O—C 
CH, 
23 O C=—CH, 947 
HO-—C 
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lable 4 te ontd.) 


CH, wag Ist 
overtone 
(em™) 


CH, wag frequency 
(em™') 


M rlex ule 


1865 


1860 


24 O CCH, 947 1898 

HO 

CH, 

3 

C,H, 

26 O CCH, 931 1870 

: es 
VOL. 
ae cl 9 

pe 27 O C=CH, 933 1878 

HO—C 

28 O (2) 925 

RO—C 

cH, 

= 2 H, 930 1878 

N= 
Cl 

30 C—CH, 916 1843 

N=C 
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Table 4 (contd.) 


CH, wag Ist 
( H, wag frequency 2 8 


(cm 1) 


No, Molecule 


overtone 
1) 


(em 


1970* 


1009 


* See reference | 3s 


interesting and extreme CH, wag frequencies for this group are: vinylidene dicya- 
nide [33], 985 em~! (example 31); vinylidene bis (ethyl sulfone), 1009 (example 
32); and vinylidene bis (ethyl ether) [17], 711 em=! (example 20). Consideration 


of these latter frequencies then gives this CH, wag frequency an extreme range 
of nearly 300 cm~', truly remarkable for a “group frequency” in this region of 
the spectrum. 

For mnemonic reasons, and also to aid in understanding of the factors causing 
the frequency shifts of the CH, wag vibration, it is useful to make a comparison 
of these frequencies with a chemical parameter, as we have done for the twist 


frequencies. Clearly, group inductive power (as measured by pX, of corresponding 


appropriately substituted acetic acids, or by the Roberts and Moreland oa’ para 


meter, as discussed above) will not serve here. Nor will the Hammett a, factor 


[30] serve as a correlatable parameter here, for 0-55, 0-15, 
a, 0-29, o,_.; 0-23, and o) ons 0-24: while the CH, wag fre- 


quencies of corresponding vinyl compounds are (see Table 1): vinyl methyl 


ketone, 955cem~'; propylene, 908 em~!; styrene, 906 em-!: vinyl chloride, 894 


em~'; and vinyl methyl ether, 813 em~'; which is scarcely a correlation. What 


appears necessary is a parameter related to the mesomeric (or z-electron donating 


or attracting) property only of the group.* 
Tart [30] has shown that Hammert’s o factor for the para position of phenyl 


ring reactions (o,) minus Rosperts and Morenann’s o’ factor (which describes 


inductive effects only) is just such a parameter. In Table 5 we have listed certain 
CH, wag frequencies of vinyl compounds and compared them with (o, —o’'). A 


plot of this data is given in Fig. 3, showing that the points lie reasonably close to a 


* ToRKINGTON [34] has made somewhat the same suggestion. 


Sarepman, Goodrich Rubber Company. Private communication. 


(34) Torkinetron, Nature 163, 96 (1949); Proc. Roy. Soc. A 206, 17 (1951) 
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OFG 


-60 — 
810 890 910 330 950 970 
VCH, WAG MODE OF G-CH=CH, Cum 


) of group G vs. frequency of CH, wag of compounds G CH CH, 


smooth curve. However, there is a rather bad scatter of the points for the higher 
values of ao’). 

A chemical parameter which shows a more exact 1:1 correspondence with the 
effects of a chemical group, G, upon the CH, wag frequency of vinyl compounds 
is that of the percentage meta vs. percentage ortho and/or para derivatives formed 
in the reaction: 

G G 


NO, 


Specifically, the stronger the ortho—para directing properties of G in the above 


H H 
reaction, the lower is the frequency of the CH, wag in C=C; conversely, 


G H 
the higher the yield of meta-isomer in the above reaction, the higher is the frequency 


H H 
of the CH, wag in C=C. The third column of Table 5 summarizes this 


G H 
correlation 
In order to compare ortho—para directing power of various groups which all 
give 100 per cent ortho and para isomers, we have used the data of INcoup [35] 


G, 


in which compounds of the form G, are nitrated. Of the materials 


recovered, if the fraction of isomers having a nitro group ortho or para to group G, 


35) InGoLp, Structure and Mechanism in Organic Chemistry p. 231 et seq. Cornell University Press, 
Ithaca (1953). 
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Table 5. Comparison of CH, wag frequencies with chemical parameters 


(%) 0 p-isomers from* 
CH, wag G G 
frequency of ne Further comparison t+ 
G—CH=CH, | 9? HNO, of o:p-directing 


(em~*) powe! 


Group G 


961 


960 


5 960 


59 
Si(CH,), 949 
CHCl, 937 
CH,CI 929 
908 
SUS 
5%, oO p to Br 
, o:p to Cl 
to Cl 
100° 
HNO, to OCH, 


3% o-p to F 
CH, ‘ 97% o:p to OCH, 


* See reference | 30), p. 595. 
+ Data from reference [35 


| 
C—OH 970 18 
—CF, 965 0-14 . 
C—O—CH, 964 27 
C—NH, 964 30 
oO 
C—O—C,H, || 0-20 32 
—Ca:N 0-07 19 
> 3 
O25 32 
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is larger than the fraction having a nitro group ortho or para to group G,, group 
G, is said to be a better ortho—para director than G,. 

For such data as are available, then, a clear correlation between ortho—para 
directing power of a chemical group and CH, wag frequency of the vinyl derivative 
of this group emerges. It is to be noted carefully that this latter correlation is 


based upon position of reaction of aromatic compounds, not upon rate (e.g. alkyl 


benzenes nitrate much faster than halo benzenes, but do not give 100 per cent 
ortho—para isomers, as do halo benzenes [35]. What the electronic changes in the 
benzene or ethylene molecule are which cause these effects we do not care to 
speculate upon at this time. But the correlation is inescapable, and the explanation 
of the one phenomenon must ultimately be that of the other. In the meantime, 
we are now in a position to predict the CH, wag frequency of vinyl and vinylidene 
types of substituted ethylenes. 


; 
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Infrared and Raman spectra of chromyl! chloride* 


F. A. G. L. Cartson and W. B. Wurre+ 


Mellon Institute, Pittsburgh 13, Pennsylvania 
(Received 8 May 1959) 


Abstract—The infrared spectrum of CrO,Cl,, a deep red liquid, has been measured from 
120-3000 em~!. Six Raman lines have been obtained by excitation with the D-lines of potassium. 
The fundamental frequencies are, for C,, symmetry: a, 981, 465, 356, 140; a, 224; 
b, = 995, 211; b, 496, 257. The results agree well with the very recent work on the Raman 
spectrum by StTamMreicH et al. Thermodynamic properties have been calculated at four 
temperatures. 


Introduction 

Curomyt chloride, CrO,Cl,, is a deep red, transparent liquid which boils at 115-7°C 
and has a vapor pressure of 20mm Hg at 20°C. The solid exists as pale red 
erystals which melt at —96-5°C. It is hydrolysed very rapidly, and is decomposed 
slowly by light to form a tarry mass plus chlorine and chromic chromates. In 
the absence of light and moisture it is stable well above the boiling point and may 
be purified by distillation. These and other properties have been summarized 
in a recent review | la]. 

An electron diffraction study by Patmer [1b] showed that the molecule is a 
distorted tetrahedron of C,, symmetry. When the present work was begun 
there was no published information on either the infrared or Raman spectrum. 
tecently, however, Hoss [2] has reported the infrared spectrum of the vapor 
in the region 400-5000 cm-! and has given a partial vibrational assignment. 
Only five bands were found because many of the fundamentals are beyond the 


range of his instrument, and because of the limitations of low vapor pressure. 
Immediately prior to the writing of this paper, but after the experimental 


work and conclusions were completed, we received a manuscript which Professor 
STAMMREICH very kindly sent us in advance of publication [3]. It deals with 
the Raman spectrum and normal co-ordinate treatment of CrO,Cl,. Their Raman 
spectrum is more complete than ours, and they report polarizations, which are 
very helpful. On the other hand we contribute the complete infrared spectrum 
of the liquid (from 120 to 3000 em"). Thus the two papers complement each 
other nicely. We agree with StamMreicn ef al. in nearly every detail of data 
and interpretation. As a result of the two studies, the vibrational analysis of 
CrO,Cl, is now quite well established. 


* This work was supported by the United States Atomic Energy Commission under Contract 
AT(30--1)-1993 

+ Present address: Dept. of Geochemistry, The Pennsylvania State University, University Park. Pa. 
fla] W. H. Harrrorp and M. Darriy, Chem. Revs. 58, 1 (1958). 
flb) K. J. Patmer, J. Am. Chem. Soc. 60, 2360 (1938). 
[2] W. E. Hosss, J. Chem. Phys. 28, 1220 (1958). 
[3] H. Srammrercn, K. Kawat and Y. Tavares, Spectrochim. Acta. 1959, 738. 
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Experimental 


Origin and handling of the sample. The chromyl chloride was generously 
provided by the Mutual Chemical Division of Allied Chemical and Dye Corporation. 
It was designated “technical anhydrous”, and was of unknown purity. 

Handling was carried out in a vacuum or in a dry box, and presented no great 
problems. Samples stored in the absence of light appeared to be stable indefinitely. 

Raman spectrum. The visible absorption spectrum of a | cm sample of liquid 
CrO,Cl,, obtained with a Cary spectrophotometer, is given in Fig. 1. This shows 


Absorbance 


— 
4000 5000 6000 7000 8000 
Wovelength (Angstroms) 


Fig l. Visible absorption of 1 em of pure ( rO),f l, (absorbance log I, I 


that for Raman excitation it is necessary to use a wavelength greater than 6800 A, 


STaMMREICH [4] has developed and used with good success helium discharge 
tubes that have exciting lines in this region. Nevertheless we tried two other 
sources. One was a helium lamp excited with a microwave power supply as 
described by Ham and Watsu [5]. It was hoped that He 7065 and 7281 A would 
excite the Raman lines; shorter wavelengths were removed with a double thickness 
of Wratten 70 filter. No Raman lines were observed, however. 

The other source made use of Osram potassium ares.* At first glance these 
are not very promising, for each lamp uses only 21 W and has a discharge column 
only 15mm long. However, some preliminary experiments indicated that the 
potassium D-lines at 7665 and 7699 A might be useful, because much of the 
radiant energy seems to be concentrated in them. Therefore a light furnace was 
constructed in the usual shape of a cylindrical can, whitened on the inside and 
closed at top and bottom. It contained six potassium lamps. A water jacket 
was placed around the Raman tube for cooling. The lamps have a lifetime of 
several hundred hours when operated at the recommended current of 1-5 A. 

The photographic recording spectrograph has been described previously [6]. 
The grating, blazed for 4700 A in the first order, is quite inefficient at 7500 A. 


from Oswald Kerber, 7020 Fourth Avenue, Brooklyn 9, N.Y 
uMaEICN, Spectrochim. Acta 8, 41 (1956 
S. Ham and A. Watsn, Spectrochim. Acta 12, 88 (1958 
1. and KR. em. Phys. 18, 1519 (1950); F. A. L. R. 
od R. B. Hannan, 23, 2127 (1955 
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Kodak 1-N plates were employed without hypersensitization. The Osram lamps 
contained argon for a starting gas, and the argon lines provided a convenient 
reference spectrum. 

aman tubes were filled by vacuum transfer. Traces of moisture were first 
removed from the vacuum system by the use of chlorotrimethylsilane according 
to the procedure of WiLson [7]. Sample size was 10-15 ml. 

Exposure times of about 65 hr were required, and even then the spectra were 
weak. Six Raman frequencies were obtained. When no filter was used some 
decomposition of the sample occurred. By wrapping a No. 97 Wratten filter 
around the sample, longer exposures were possible without decomposition, but 
no additional lines were found. Polarization measurements were not attempted. 

Because the spectrograph is inefficient at long wavelengths, these results are 
not quite fair to either type of source. Nevertheless the Osram lamps are not 
promising for Raman work because of their low power consumption. 

The Raman frequencies are tabulated in Table 1, and are believed to be accurate 
to +2ecm~!. The results of Stammretcnu ef al., are included for comparison. In 
several cases our values are a few wave-numbers lower than theirs, but ours 
agree so well with the infrared results that we are inclined to prefer them. The 
981-995 pair was not resolved in our spectra, but was observed as a single broad 
band. 

Infrared spectrum, The infrared spectrum of liquid CrO,Cl, was obtained over 
the range 120-3000 cem-". A Beckman IR-4 spectrophotometer (double beam, 
double monochromator), provided with NaCl and CsBr optics, was used for the 
region 300-3000 cm~!. All frequencies were carefully checked with a Perkin-Elmer 
Model 112 spectrometer (single beam, double pass) using again either NaCl or 
CsBr optics. The region 120-300 cm-! was covered with a small single beam 
grating instrument constructed in this laboratory. For this an older Perkin-Elmer 
12-B spectrometer was modified according to the general ideas of PLYLEeR and 
AcguIsta [8] and especially of Lorp and McCussrin [9]. Our instrument has a 
globar source, a 13 c/s chopper, gratings mounted at the usual Littrow mirror 
position and a Golay detector fitted with a diamond window. Elimination of 
short wavelength stray radiation and overlapping orders is accomplished by the 
use of various combinations of filters, restrahlen plates, scatter plates and 
choppers.* Two 68mm square Bausch and Lomb gratings are employed: a 
20 line/mm grating blazed at 222 for the region 350-140 and an 
8 line/mm grating blazed at 89 for the region 170-60 The original 
Perkin-Elmer wavelength drive motor and four speed transmission were retained, 


but the screw mechanism has been replaced by a system of shafts and gears 
which allows the grating to be rotated continuously through about 60°. The 


* We have found that the most useful transmission filter is a thin sheet of polvethvlene ibout 
0-3 mm thick) containing finely divided carbon b k. This was recommended to us by Dr. L. Genzer 
Several samples were furnished through the courtesy of Mr. R. Marntrer of the Koppers Co. spectroscopy 
laboratory 


7) M. K. Wiison, Rev. Sei. Instr. 25, 1130 (1945 

8) E. K. Pryver and N. Aceuvista, J. Chem. Phys. 23, 752 (1955); J. Research Nat. Bur. Standards 
56, 149 (1956) 

[9] R. C. Lorp and T. K. MeCussry, Jr., J. Opt. Soc. Am. 47, 689 (1957) 
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signal from the Golay phototube is fed through a preamplifier to a Perkin-Elmer 
model 107 amplifier and into a Brown recorder. The entire instrument is flushed 


with two air streams, each dried by passage through an “‘electrodryer’’ unit* 


and then a column of “molecular sieves”’. 
Filling of cells was carried out in a dry-box. Because two or three bands were 


produced by reaction between the sample and certain of the salt windows, the 


empty cells were carefully checked for residual absorption. A fairly intense 


band at 947 cm~' was found in the empty cell and was independent of whether 


the window material was NaCl, CsBr or CsI. 


In the low frequency work CsI cells were useful down to 185 em. For the 
range 190 to 120 em~' it was found that thin sheets of teflon (0-12 mm) transmit 


8C / \ 
60-9 
40> 
| 


00 200 300 400 S00 600 700 800 93900 i000 1100 
Frequency 


Oo 


Per Cent Tronsmission 
° 


o @ 


100 (1200 1300 1400 1500 600 1800 1900 2000 2100 
Frequency (Cm™) 


frared spectrum of liquid CrO,Cl a 0-5-1 mn b 1-093 rom: 10 


CCL, soln., 0 105 mm: id mm: lo soln... 0-026 mm 


considerably better than the 2 mm erystal quartz which was available. A vapor- 


tight liquid cell was made by using Kel-F grease at the teflon—metal interfaces. 


We were unable to find a suitable window material below 120em-'. CrO,Cl, 


reacts with polvethy lene and blackens it so that it becomes opaque. 


Frequencies of the seven strongest bands were determined in dilute solutions 


of CCl, or CH,Cl,. Comparison with the Raman values for the pure liquid shows 


that these solvents have an almost negligible effect on the frequencies. 


The observed infrared spectrum is shown in Fig. 2, and positions of the bands 


are summarized in Table 1. The band at 787 cm~ is thought to be due to an 


impurity (which is not removed by a vacuum transfer), because it was not found 


in the spectrum of the freshly received sample, but was present in all later scans. 


Assignments 


The molecular symmetry will be taken as (C,, as established by electron 


diffraction [1b]. It will be seen later that the spectrum is completely consistent 


* Obtainable from Pittsburgh Lectrodryver Corp., P.O. Box 1766, Pittsburgh 30, Pa. 
* Linde Air Products Co 
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Table 1. Infrared and Raman spectrum of CrO,Cl, 


Raman 


Hobbs 


This work (Vapor) 


STAMMREICH 


1) Int. (em™!) Int. 


(3) 


216 (3) 212 w (b) 
230 224 m (b) 
263 (2) 

357 (5) Pp 357 m (a) 


465 (10) p 465 s (b) 475 vs 
497 (2 499 vs 
984 (10) Pp 990 vs 


987 m, 


994 (4) broad (a) 1000 vs 


1980 m 


Infrared 


(em!) Int. 


(cm 


140 


211-0 


256-7 
356* 
~438* 


465* 
~483* 
496* 
568 


766 
787 
S44 


9817 


1028 
1126 
1207 
1216 
1342 
1453 


1972 


+ 


(a) Found for both D-lines of potassium 


overlaid by an arc line 


with this. Table 2 summarizes 


in the yz-plane. 


(1945). 


(b) Found for K-7699 A only. The Raman 


° Frequency measured in dilute CCl, solution 
Frequency measured in dilute CH,Cl, solution. 


This work 
(liquid) 


) Int. 


s 


frequency 


expectations for the normal 
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Assignment 


a, fund. Vs 
b, fund. », 


a, fund. 
by fund. 


a, fund. V5 
224 211 
2 224 
a, fund. v, 
OS 1 496 


b, fund. 
211 356 


981 211 
Imp.? 995 
981 140 


a, fund. Vy 


b, fund. 


211 356 
356 98] 
211 995 
224 995 
356 2 

465 


981 995 


1 by the 


Molecules. Van 


448 (A 


othe 


435 (By) 


1) 


567 (B,) 
770 (B,) 
211 786 (A,) 
841 (A,) 


465 1032 (B,) 
211) 1126 (B,) 


1206 (A,) 
1219 (B,) 

496 = 1348 (A,) 
1460 (B,) 
1976 (B,) 


D-line is 


potassiun 


vibrations. 


HERZBERG’s conventions are used throughout [10]. The twofold axis is taken 
as the z-axis, the oxygen atoms have been placed in the xz-plane, and the halogens 
Table 2 also includes our assignments for CrO,Cl, as deduced 
from the following discussion, and also those of StamMReEICH ef al. 

Although we arrived at the assignments of Table 2 without the benefit of the 
Raman data of Stammreicn et al., the conclusions are reached more easily and 


Nostrand, New York 
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144 140 m (a) vw 
vw, sh 485 (B.,) 
7 
“ 
~* w 
vw 
vw 
vw 
“ 
vw : 


F. A. G. L. Cartson and W. B. Warre 


Table 2. Fundamental vibrations of Cré¢ Cl, 


(C,,, symmetry) 


CrO,Cl, 


Schematic description T rk SKT [3] 
iis Work 


Cr—QO sym. stretch 

Cr—Cl sym. stretch | 

CrO, scissoring 

Crt scissoring 

Torsion 

Cr—O asym. stretch 

CrO, rocking, CrCl, fanning 
Cl asym. stretch 
2 fanning, CrCl, rocking 


more certainly by reference to them. Conversely the infrared data also make 


the results more convincing. Both will be used in the following discussion. 


Specu a, 

The four polarized Raman lines at 981, 465, 356 and 140 cm~! are certainly 
the a, fundamentals. (We prefer the infrared values because frequencies can 
usually be measured a little more accurately in the infrared.) The first is clearly 
the Cr--O stretch. To locate the Cr—Cl stretches it is helpful to consider the 


closely related molecules TiCl, [11] and VOCI,[12]. By analogy they are expected 
3 | : | 


TiCl, 


M—Cl stretch, sym. 386 408 
M—-C] stretch, asym. 495 504 


at about 400 and 500 cm~ in CrO,Cl,. The frequency 496 is therefore readily 
assigned to the asvmmetic Cr (| stretch (», of b,). There is, however, no 
polarized Raman line near 400 em~! for the symmetric one. Instead there are 
two polarized lines approximately equally displaced to each side of this at 465 
and 357 em~'. Presumably the symmetric Cr—C! stretch and the CrO, scissoring 
modes would, in zero approximation, both have fallen near 400cm—. They 
have interacted and mutually “repelled” one another. Because of the mixing 
the descriptive names of Table 2 certainly are not adequate. 


S pe Cle S fe 


This contains only the torsional, or twisting, mode, and is forbidden in the 
infrared. The only such frequency is 224 cm (Stammreich’s 230). It may be 


K. W. F. Kontravscu, Ramanspektren, p. 151. Edwards, Ann Arbor (1943) 
F. A. Mrcier and L. R. Cousins, J. Chem. Phys. 26, 329 (1957). 
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Infrared and Raman spectra of chromy] chloride 


noted that without the polarization data one would also have had to consider 
the possibility of 140 cm~!. This was observed in the infrared, but in the liquid 
state and only at a great thickness (~0-8 mm). However the fact that the 
corresponding Raman line is polarized clearly puts it in species a,, and leaves 
224 as the only possibility for the torsion. 

Species b, and b, 

The Cr=O asymmetric stretch, », of b,, is obviously the 995 band. This 
places the asymmetric mode a little higher than the symmetric one as usual, 
but the difference is suprisingly small. (A similar result was found for CrO,F,, 
where the two frequencies are 1006 and 1016 [2].) The Cr—Cl asymmetric stretch 
has already been assigned to 496. This leaves only the two rocking and fanning 
modes vy; and vy, and only two reasonable unassigned frequencies: 211 and 257. 
The question is how to pair them. For this we use the observation that binary 
combinations 6, x b, = A, are forbidden to appear in the infrared. Does 211 
combine with 995 (b,) or 496 (b,) to give either a sum or a difference frequency 
in the infrared? Does 257 combine with either? The answer is that 211 may 
combine with 995: 

995 + 211 1206 Obs. 1207 

995 — 211 784 Obs. 787 (impurity band?) 
The first of these gives some reason for believing that 211 must not be put in 
in b,. None of the other six 


‘ 


species b,. We therefore assign it to b,, and put 25 
possible binary combinations was observed. 

It may be noted that StammMreicu ef al., assigned the three lowest frequencies 
vy, (torsion), v; and v, on an entirely different basis. They made a normal co 
ordinate calculation which led them to believe that “‘the lowest of the three 
frequencies should be assigned to the »; mode and to (b,) < v, (b,).” Thus 


they were led to use 211 (their 216) for y, and 224 (their 230) for v, We have 


seen how the infrared activity requires the reverse of this. This is the only place 


where we differ with them in assignments. Since the two frequencies differ by 
only 13cm! the change is a trivial one, and their force constant calculation 
will be little affected. They agree with us in making », the highest of the three 
frequencies. 
Remaining bands 
All the observed Raman bands have been used as fundamentals. The remaining 
infrared bands can, with a few exceptions, be reasonably explained as binary 
combinations as shown in Table 1. 
Further comments 
It is a peculiar fact that several of the fundamentals are so related arithmeti- 
cally as to appear to be binary sums (or differences): 
140 + 356 496 Obs. 496 
468 Obs. 465 


992 Obs. 995 (Fermi resonance with 9812) 


~* 
> 
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Although we had convinced ourselves that they were all indeed fundamentals, 
it was reassuring to have the two sets of Raman results for support. 

normal coordinate calculation and have 
They have also discussed the 


STAMMREICH ef al., have made a 
chosen a set of force constants for CrO,Cl,. 
assignments for the related molecules CrO,F,, SO,Cl, and SO,F,. 


Thermodynamic properties 
The thermodynamic properties of CrO,Cl, have been calculated at four 
temperatures by standard methods [13]. The values are tabulated in Table 3; 


Table 3. Calculated thermodynamic properties of CrO,Cl, (ideal gas, 1 atm.) 


Temp. Cp (H E,°) (F° — E,°)/T Ss 
(°K) (cal mole?) (cal mole?) (cal mole) (cal mole?) 


78°83 
6230 84-37 
6479 85-03 


400 
8721 72-56 90-00 


4325 


298-16 


SS8-86 (bp) 


they refer to an ideal gas at | atm. Implicit assumptions are that the vibrations 
are harmonic, that vibration and rotation are independent and that liquid state 
By using the dimensions of [1b], the three moments 


frequencies may be used. 
330.2, 7, = 157.7, and J, = 272.0 amu x A?. 


of inertia were calculated to be J, 
Acknowledgement—We are most appreciative to Professor StammrercH for giving us the 
opportunity to see his manuscript prior to publication. 


13) G. Herzperc, Infrared and Raman Spectra of Polyatomic Molecules. pp. 513-22. Van Nostrand, 
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The valence-type force constants of nickel tetracarbony] 


C. W. F. T. Pistorius 
National Physicai Research Laboratory of the Council for Scientific and 
Industrial Research, P.O. Box 395, Pretoria, South Africa 


(Received 13 April 1959) 


Abstract—A normal co-ordinate treatment is carried out for Ni(CO), (symmetry point group 
T,;) by means of Wilson’s F—G matrix method, using the most general harmonic force field. 
The resulting matrix elements are used to evaluate eight of the seventeen valence-type force 
constants for two alternative assignments of the fundamental frequencies. The inactive vibra- 
tion v,(/',) is found to possess the probable magnitude 429 em=!. 


Introduction 

NICKEL tetracarbony! is a tetrahedral molecule belonging to the symmetry point 
group 7’, [1]. This implies that the Ni—C—O submolecule is linear. The infra-red 
spectrum of Ni(CO), was first measured in the gaseous phase by Crawrorp and 
Cross [2]. In the same article an assignment of the observed frequencies was 
made, and the force constants of the simple valency force field (s.v.f.f.) were 
evaluated. However, recently a different assignment of the fundamental 
frequencies was given [3] on the basis of an infra-red study of the gas which 
extended to much longer wavelengths. The same author afterwards [4] remeasured 
and reinterpreted the infra-red spectrum of gaseous Ni(CO),, and made a tentative 
force-field calculation. A normal co-ordinate treatment based on the o.v.f.f. 
approximation also appears in the literature [5]. No investigation utilizing all 
the available data has, to the writer’s knowledge, as yet been made. 

In the present study the secular equations for the various symmetry species 
of the tetrahedral M(XY), molecule will be deduced by means of Wrison’s well- 
known F-G matrix method [6, 7], using the most general harmonic force field. 
These equations will then be used to evaluate the most important valence-type 
force constants of Ni(CO), from the available structural [1] and vibrational [2—4, 8] 
data. Although not all of the force constants are used in the calculation, the 
most general F-matrix elements will be given for purposes of reference. An 
attempt will be made to decide on the most likely assignment of the frequencies. 


L. O. Brockway and P. C. Cross, J. Chem. Phys. 3, 828 (1935). 
B. L. Crawrorp, Jr. and P. C. Cross, J. Chem. Phys. 6, 525 (1938). 
L. H. Jones, J. Chem Phys. 23, 2448 (1955) 
L. H. Jones, J. Chem Phys. 28, 1218 (1058). 
H. Murata and K. Kawat, J. Chem. Phys. 26, 1355 (1957). 
E. B. Wiison, Jr., J. Chem. Phys. A L041 (1939). 
B. Witson, Jr., J. Chem. Phys. 9, 76 (1941) 
. L. Crawrorp, Jr., and W. Horwitz, J. Chem. Phys. 16, 147 (1948). 
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2. Selection rules 


It can be deduced from the relevant character table that the tetrahedral 
M(XY), molecule (point group 7',) will give rise to two non-degenerate type-A, 


vibrations 


> 


), two doubly degenerate type-E vibrations (v,, ¥,), one triply 
degenerate type-F, vibration (v;) and four triply degenerate type-F,, vibrations (v,, 


Vo, Ve, ¥ 


9); ¥, and are valency vibrations, 7, and are deformation vibrations, 


and v,, vz, vy, and », consist of both types of vibrations. 


From the selection rules [9] it can be seen that the types-A,, -E and -F, 


vibrations are Raman active. Only the type-F, vibrations are active in the 
infra-red. The type-F, vibration is inactive both in the Raman effect and in the 
infra-red. Both », and ry, are polarized in the Raman effect, while the other Raman 
active vibrations are depolarized. 


3. Co-ordinates 


Since there are twenty-one vibrational degrees of freedom, we need twenty-one 
internal co-ordinates to describe the motion. We choose Ad,, Ad,, Ads, Ad,, Ar, 
(rd)' *Ap,,, (rd)"* (rd) * (rd)? AB,,, (rd)! (rd)'* (rd) 2ABs,, 
(rd)' (rd)' and (rd)'*Af,,. Ad, is the change in length of the M—X 
bond and Ar, of the X,—Y, bond. Az,, is the change of the angle between M—X, 
and M—X,. Aj,, is the deviation of the angle MX,Y, from 180°, and is considered 
positive when Y, is bending over towards Y,:* d and r are the equilibrium lengths 
of the M—X and X—Y bonds, respectively. A suitable set of symmetry co- 
ordinates is 


Redundant co-ordinates, 


d( Aa, + Ans + Any, 


(rd)! 


AB 


(rd)! APs. 


(rd)' *(Apy, 


For the type-A, vibrations, 


R, 4(Ar, Ar, + Ar, + Ar,) 


R, 


4(Ad, + Ad, + Ad, + Ad,) 


* Note that these Af,, are not defined in the same way as the z,, and az, of MURATA and 
Kawal[5 

9) G. Herzperc, Infrared and Raman Spectra of Polyatomic Molecules. Van Nostrand, New York 
(1945 
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For the type-E vibrations, 


Ry, (rd)! T 2AB T 2AB 43 Ap; ABs; 


Ry, (rd) * (Apy, ABy AP ss 


R,, d(2Ax. Aas 
Ry = }d(Aa,, — Aas + Aces 


For the type-F, vibration, 


{(rd)! *(ABi ABs; 


— Apo 
(rd)' — Apey pi: + — 
3AB 55) 4y3 


For the type- fF’, vibrations, 


4(Ar, + Ar, Ar, 
159 Re, Av, Ar, Ar, 


4(Ar, — Ar, — Ary 
R,, (rd)' *(2 Ap 
R, (rd)' Z2ABs 


R,, + 2AB,, 


R,, = 4(Ad, + Ad, — Ad, 
Ry, = 4(Ad, — Ad, + Ad, 
R,, = }(Ad, — Ad, — Ad, 
R,, = d( Aa. — Aasg,)/+/2 
R,, = d(Aa,, — Axg,)/+/2 
Ry, = d(Aa,, — Aaes)/+/2 


It can be seen that these symmetry co-ordinates are all normalized, mutually 
orthogonal, correctly oriented and that they transform according to the character 
table [9] of the symmetry point group 7’,. 
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4. Potential energy 
The most general harmonic potential function in terms of the internal valence- 
type co-ordinates is given by the expression: 
2V = 


2f,-(Ar,)(Ar;) 

d®fx(Ax,,)? 

+ 2df,,(Ax,,)(Ad, + Ad,) 
2df,,(Ax,,;)(Ar, + Ar,) 
2d(rd)'/*f,.( Ax,,)(AB,, 4+- Ap,,)] 
Ar,)( Ax,,) 

(Aa, (Aa, + Aa,,) 
2d(rd)' Ax, (AB, + AB) 

+ Ax, ,)(Ap,, + Ap,;)] 
S Ax,,) 

dd 
S [2f;(Ar,)(Ad,) 

rdf 

- 2(rd)'*f,.( Ap, ,)( Ad.) 
2(rd)' Ad.) 
2(rd)'*f,.( AB,.)( Ar,) 
2(rd)' 

AB,,)(AB,,) 

rdf, (Ap, (Ap,, + 

rdf, 

2(rd)' *f,.(Ap,,)(Ad,) + 2(rd)' Ap,,)(Ar,) 
S (AB,,)(Ap,,) 


In this expression ‘S is over i 1, 2,3, 4; 5% is over ij 12, 13, 14, 23, 2 
1 


‘ is over ¢j in the same way as ‘, but with the added condition that k + i, j; 


> is identical with 5, with the added condition that 17, j, k; S is over 
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ij 12, 13, 14, 21, 23, 24, 31, 32, 34, 41, 42, 43; + is identical with 4, with the 


j ‘ 
added condition that k 47, j; » is identical with >, with the added condition 
that 1 47, j, k. 
The force constants used are f, (the force associated with M— X bond stretching); 


fi, (the interaction between M—X bond stretching and M—X bond stretching); 
f, (the force associated with X—Y bond stretching); f,, (the interaction between 


X—Y bond stretching and X—Y bond stretching); /,, (the interaction between 
M—X and X—Y bond stretchings when the X atom is common to both bonds); 
f;, (the same interaction when there is no X atom common to both bonds); f, 
(the force associated with tetrahedral angle bending); /f,, (the interaction between 
two simultaneous tetrahedral angle bendings when the two angles have a bond in 
common); f,, (representing the same interaction when the two bending angles 
do not have a bond in common); f,, (the interaction between M—X bond stretching 
and tetrahedral angle bending when the stretching bond is one of the two bonds 
forming the angle); f;, (the same interaction when the stretching bond is not 
one of the two bonds forming the angle); f,, (the interaction between X—Y bond 
stretching and tetrahedral angle bending when the stretching bond has an X atom 
in common with one of the bonds forming the angle); /., (the same interaction 
when there is no common X atom); f, (the force associated with bending of the 
linear M—X—Y sub-molecule, to be called M—X—Y angle bending): / 

(interaction between two simultaneous M—X—Y angle bendings when the X atom 
is common to both angles); f;, (the same interaction when the Y atom of one 
angle is bending towards the Y atom of the other angle); /,, (the same interaction . 
when the Y atom of one of the angles is bending towards the Y atom of the other 
angle, which is bending towards a third Y atom); /,, (the same interaction when 
the two Y atoms concerned are both bending towards the Y atom of another bond): 
f"" (the same interaction when the two Y atoms concerned are bending towards 
two other Y atoms); /,, (the interaction between M—X stretching and M—X—Y 
bending when the X atom is common to both; f,, (the same interaction when the Y 
atom concerned is bending towards the stretching bond); /f;, (the same interaction 
when neither of these two conditions applies); f,, (the interaction between tetra 
hedral angle bending and M—X—Y bending when the M—X—Y bending takes 


place in the plane of the tetrahedral angle); /f,, (the same interaction when the two 


angles have a bond in common but the M—X-—Y bending is not in the plane of the 
tetrahedral angle); /f., (the same interaction when the Y atom concerned is moving 
towards one of the bonds of the tetrahedral angle, but where there is no bond in 
common) and f.”, (the same interaction where none of the above conditions applies). 

By means of the proper matrix multiplications it is now seen that the F-matrix 
elements for the various irreducible representations of the molecule are given by: 


For the type-A, vibrations, 
far + 


i21 
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For the tvpe-£ vibrations, 


For the type-F, vibration, 


F.. =f f 


For the type-F, vibrations, 


5. Kinetic energy 


Using standard principles [6, 7], the @-matrix elements are 


For the type-A, vibrations, 


For the type-E vibrations, 
Go, = 3u,.dj/r + . r)*/rd 
Gs, + r)/y 2rd 
On 


For the type-F, vibration, 


found to 


be: 


= Ss — + Sos — — Son + Sos 

ss Fas \ 2(f, Sus ) 

Fi, — Bes + Ser 

+ 2/ 

=f. —In 

Foy = Foe = 2V V3 

Fo, = Poy = 

Pip = = — Ses + fs VOL. 
15 
Pes | \ fax) 

M, 

4 

4 

ju, .d/r 4 tu,.(d +r) /rd 
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For the type-F, vibrations, 


(66 
(46 
Ges 96 
(69 


Gq + 3u(d + r)*?/2rd + 4u,,.r/d 
m\ (r/3d) 

Gos + rd + 8u,,./(r/3d) 


4 
3/4 


G Gog Su ml? 
1 l6u mi? 


Here w,, w, and yw, are the reciprocal masses of the Y, X and M atoms. 
respectively. 

From the above F- and G-matrix elements, the secular equations, giving the 
fundamental frequencies in terms of the force constants, can be written down [10]. 
For reasons of space, the secular equations will not be given explicitly. 


Table 1. Fundamental frequencies of Ni(CO), 


Symmetry Assignment (1)* Assignment (2)+* 


Designation Description 


species (cm ) (crn 


r(C—Q) 2039 
v(Ni—C) 381 
d(Ni—C 461 
A(C—Ni 

AUN] 

O(Ni 

v(Ni—C) 

HC—Ni 


* Based on references 
+ Based on reference 


6. Evaluation of force constants 
Two possible assignments of the fundamental frequencies of Ni(CO), are 
given in Table 1. The second set is due to the most recent work by Jones [4]. 
Brockway and Cross [1] found that d 1-82 A andr 1-15 A, 
As only eight fundamental frequencies are available, it is clear that some 


force constants will have to be neglected. Originally it was decided to neglect 


Fy, For Fes: Fog: Fag. and f,,. However, when an attempt 


10) E. B. Wirson, Jr., J. C. Decrvus and P. C. Cross, Molecular Vibrations. McGraw-Hill, New York 
(1955). 


+ fy 
My 
0 
Ay 2135 
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Ve 461 
"4 79 
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was made to evaluate the force constants corresponding to the type-F', v ibrations, 
it was found that imaginary results were obtained for F,,. Apparently the value 
of F,, is very sensitive to small changes in F,,. and for the above choice of 
constants Fy, had to be taken equal to the previously obtained value of F'4;. 

Consequently, F,,, which in any case appeared to be rather small, was 
neglected while f,, and f,, were taken into account. In other words, only force 
constants corresponding to the diagonal blocks of the potential energy matrix 
were used 


Table 2. Valence-type force constants of Ni(CO), (dyn em 


2?) 


Assignment (1) \ssignment 


16-42 16-78 

f 0-074 1 0-260 
2-778 10° 2-069 10° 

0-098 0-109 

0-076 0-059 10 

; 0-000 0-009 10 
0-152 10 O-161 10 


O-OLO 0-001 10? 


As can be seen from Table 1, v, is much larger than any of the other vibrations 
belonging to the F, symmetry type, and it was consequently split off by WILson’s 
method [6, 7, 10]. », is very much smaller than v, and v,, and was also split off. 
For the present case this pre wedure is quite a good approximation. The available 
frequencies were then used to evaluate Fos, Fs: Fas Pee: Fag and Fg. 

In order to obtain a reliable value for f,,. % Was split off from the type-A, 
group, and F,, was calculated from the resulting linear equation. This value for 
F,, was then used, together with the value for F,, obtained above, to evaluate 
f,,. after which the resulting f,, was used with the value of F,, calculated from 
the quadratic equations, yielding /,. It is probable that this procedure results in 
slightly better values for f, and f,, than would otherwise have been the case. 
However, the values of F,, and F,, obtained by the two different procedures 
were very nearly equal, as would be expected. 

The whole procedure was repeated for the second alternative set of frequencies. 


The valence-type force constants obtained in both cases are shown in Table 2. 


7. Conclusion 

For the first assignment it is found that both f,, and f,, are negative. This 
would imply that the stretching of one bond decreases the bonding energy of an 
adjacent bond, and is not consistent with the theory of bonding. 

The second assignment yields positive values for these constants, as is to be 
expected. This result strongly points to the essential correctness of Jones’ most 
recent assignment [4] of vy, and v,. As JONES correctly pointed out, it is surprising 
to find two fundamentals of the same symmetry species so close together as ¥, 
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and v,, but the alternative assignment of y, would lead to a negative value of f,,. 
which is even less acceptable. 

It can consequently be concluded that the final assignment of the fundamental 
frequencies of Ni(CO), by Jones [4] is essentially correct, with the exception of 
the inactive v,(F,). On the strength of two overtones, otherwise explained only 
with difficulty, he assigned the value of 300 cm~! to »;. However, by making 
use of the values of (f fy.) and (f; — 2f%,) in Table 2, it is found that 
404 cm~' according to the original assignment of frequencies, and yr, 


429 cm~! according to the final assignment. The latter value of vy, is very well in 


line with the accepted values of », and v,, while Jones’ value [4] of 300 em=! 
would be rather difficult to understand. It would imply that an apparently 
completely unimportant interaction constant is of the same order as the primary 
force constant f,, which is hardly tenable. 


Acknowledgement—This article is published with the permission of the South African Council 
for Scientific and Industrial Research. 
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Abstract 
following compositions have been observed: AgClO,.3, 2, 3, and 1C,H,; SbCI,.3. 
$. Land §C,H,O,; HgCl,.2 and 1C,H,O,; AgClO,.3 and 1C,H,O,. The infrared spectra from 650 
to 5000 em! of most of these complexes in the solid state are presented. Also included are the 


The formation of complexes between inorganic salts and organic solvents with the 


spectra of solutions of the inorganic salt in an excess of organic solvent. The differences bet ween 
the spectra of the complexes and a summation of the spectra of their component parts are 
discussed in terms of selection rules. The vapor pressures above the complexes are given as a 
function of temperature and from these data the thermodynamic functions AH, AF and AS 
for the dissociation reactions are calculated. The heats of dissociation range from 7920 to 
15.300 cal/mole of organic constituent. 


Introduction 
THE nature of intermolecular forces can be investigated by the effects of these 
forces on the vibrational spectra of the molecules. In addition, it is sometimes 
possible to obtain from the spectra information on the structure of the inter 
molecular compounds which may be formed. Certain types of intermolecular 
bonds as, for example, the hydrogen bond have been extensively investigated by 
this means. Some information is also available on less specific solute—solvent 
interactions. Usually, owing to the low stability of the compounds formed in this 
latter type of interaction, the investigations have been carried out in solution, 
although recent spectroscopic studies have reported such interactions taking place 
in gases [1] and powdered mixtures of solids when they are compressed [2]. 

A few inorganic salts are remarkably soluble in certain organic solvents, 
presumably due to solute-solvent interaction. In many cases stable complexes 
can be isolated as pure solids. On the basis of these rather unusual properties 
alone, the complexes are worthy of investigation. 

This report deals with several of these inorganic salt—organic solvent complexes. 
It presents their infrared spectra in solution and in the solid state, their combining 
proportions in the solid state and the heats of the dissociation reactions calculated 
from measurements of the changes in vapor pressure with temperature. Infor- 
mation on the symmetry of the complexes is discussed wherever possible. 


1} J. A. Kerecaar, Rec. Trav. Chim. 7§, 857 (1957). 
2) A. W. Baker, J. Phys. Chem. 61, 450 (1957) 
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Complexes of silver perchlorate, antimony trichloride and mercuric chloride 


Materials and procedure 

Preparation of complexes 

All chemicals used in this work were reagent grade. The antimony trichloride 
was distilled in order to eliminate adsorbed water, and the silver perchlorate was 
heated to 100°C in a vacuum oven for 12 hr to remove water present as the mono- 
hydrate. The dioxane was stored over anhydrous calcium sulfate and the benzene 
over sodium. However, subsequent manipulations were performed in an atmos- 
phere of 40 per cent relative humidity and therefore the preparations may not have 


| _J2 


Fig. 1. Indication of complex formation in rate of removal of organic component. 


been completely water free. The complexes are not as hygroscopic as the parent 
salts and the spectra give no indication that water was incorporated into any of 
the solid complexes. 


All the complexes were formed by the simple dissolution of the inorganic salt 
in an excess of the organic component, except in the case of silver perchlorate and 
dioxane, where acetone was added according to the procedure of Comyns and 
Lucas [3]. Gradual removal of the excess organic solvent in a vacuum desiccator 
produced the solid complexes. The rate of removal of the organic component was 
observed by weighing the sample at regular intervals. Changes in the rate of re 
moval or abrupt drops in vapor pressure indicated where complexes were formed 
(Fig. 1). 

Infrared measurements 

The infrared spectra were obtained on a Perkin-Elmer Model 21 spectro 
photometer equipped with a sodium chloride prism. Silver chloride plates were 
used to support the solid silver perchlorate complexes and their solutions since 
these complexes attack the sodium chloride plates normally used for this purpose. 

Vapour pressure measurements on the gaseous organic component above the 


{3} A. E. Comyns and H. J. Lucas, J. Am. Chem. Soc. 76, 1019 (1954). 
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solid complex were obtained at various temperatures from intensity measurements 
on the absorption bands at 1258 em~! and 881 em~! for dioxane and 672 em~! for 
benzene. During these measurements a flask containing the solid complex was 
surrounded by a bath whose temperature could be controlled to +—1°C. This flask 
was connected to a conventional 10 em gas cell and a vacuum pump. 


Discussion 
Antimony trichloride—henzene com ple xr 

In this work only one molecular ratio was found for the solid complex and it 
agrees with that given in the original report of the preparation of the complex 
[4], that is, 2 SbC1,.C,H,. Mevtcntore [5] has reported that in a solution of SbCI, 
in benzene both | : 1 and 2 : | complexes are present. 

ASHKANAZI ef al. |6] and RAsKIN |7, 8] have reported on the Raman spectrum 
of a solution of antimony trichloride in benzene. The former authors observed two 
new lines at 477 em~!' and 1236 cm~'!, which they attribute to the bending and 
stretching vibrations of the bond between antimony and benzene. Both investi 
gators noted small shifts of 3-30 cm~' in the frequencies associated with the 
halide molecule in the region between 134 and 360 em-}. 

Certain vibrations of benzene which are inactive in infrared absorption appear 
in its spectrum of the liquid due to a breakdown in the selection rules for that 
phase. Some of these “inactive” bands are further intensified or perhaps newly 
appear in the spectra of the complexes investigated here. An analysis of this data 
on the basis of selection rules has led [9] to a predicted symmetry of C,, for the 
SbCl,—benzene complex in solution. The solid state spectrum shows more clearly 
than the solution the inactive benzene frequencies (see Fig. 2), for example, three 
overlapping absorption bands at 970, 987 and 990 em~! and intensification of the 
adsorption around 1008 em~!, 1142em-!, 1308 and From a 
summary of the data given in Table 1, one would choose the selection rules for 
(’,, as the best fit to the experimental observations on the solid state. 

In many respects the changes in the spectrum of pure benzene when it is 
solidified [10] are similar to those observed here when benzene is complexed with 
SbCl, and it is significant that in the case of pure benzene the changes can be 
explained on the basis of a known site symmetry for solid benzene {11]. Confidence 
in the selection rule method for determining the site symmetry in the complex is 


thereby increased. With this data alone, the structures one might postulate to 


fulfill these symmetries are in all likelihood not exclusive, but it is perhaps of 
interest that such symmetries can be obtained by placing the antimony trichloride 
pyramids directly over and under the center of the benzene ring for C,,, symmetry 
and between the two benzene rings for C,, symmetry as shown in Fig. 3. 


B. N. Zhur. Russ. Fiz.-Khim. Obschestva 43. 305 (L011). 
J.J. Meccnorre, Dissertation Abstr. 17, 1911 (1957) 
M.S. Asukanazi, P. U. Kurnosova and V.S8. J. Phys. Chem. (U.S.S.R.) 8, 438 (1936). 
Su. Su. Raskin, Doklady Akad. Nauk S.S.S.R 100. 485 (1055). 
Su. Su. Raskin. Opt S pektrosko} yal 1, 516 (19056). 
9) L. W. Daascn, J. Chem. Phys. 28, 1005 (1958 
10) S. Zwerpiine and R. 8S. Hatrorp, J. Chem. Phys. 23, 2221 (1955). 
ll E. G. Cox. J im. Chem. Soc \ 135, 401 (1932). 
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Silver perchlorate benzene complex 


The present experiments on the molecular ratios of this combination indicate 
that the situation is not simple. A graph following the rate at which benzene is 
removed from a mixture of silver perchlorate and benzene always has an abrupt 
change corresponding to a | : 1 molecular ratio [12] but several other less prominent 
breaks in the curve were observed although not in a reproducible manner. These 
occurred at the ratios | : 3, 1:2 and 3:4 or 2: 3. 

The infrared spectrum of silver perchlorate is shown in Fig. 4(a). The only 
strong infrared active vibration in the 650-5000 em~ region which is due to the 
perchlorate ion occurs at ~1060 cm~'. If silver perchlorate is allowed to absorb 
water the absorption broadens but no new bands appear. The only other funda 
mental vibration of the perchlorate ion with a frequency in the 670 to 5000 em~! 
range is the Raman active symmetric, stretching mode of the Cl—O bond which 
has a frequency of about 930cm~'. The spectrum of a solid silver perchlorate 
benzene complex is also given in Fig. 4(a). The solid sample can be prepared by 
flushing dry nitrogen over a film of the benzene solution of silver perchlorate. 
Since several molecular ratios are possible we hesitate to be definite on the composi 
tion for this spectrum. The spectrum given in 4(a) is usually obtained if one 
regenerates the complex by passing nitrogen saturated with benzene over a 
sample of silver perchlorate which has been newly formed from a solution of the 
complex by flushing with dry nitrogen until all the benzene has been removed, 
For this reason Fig. 4(a) is believed to be that of the 1 : 1 complex. 

At times samples were obtained in which the relative intensity of some of the 
absorption bands was different from that given in Fig. 4(a). For example the 
doublet at 735 em~', 720 cm~! is found with either component being the stronger. 
Also. the shoulder at 1150 em~! sometimes attained moderate strength and emerged 
from the strong band at 1100 cm~' as a very distinct band. These changes are 
believed to be spurious occurrences of polymorphic crystal structures or complexes 
of different molecular ratio but the conditions under which they appear have not 
been standardized 

Two points should be emphasized. (1) Absorption which can be ascribed to 
benzene in the spectrum of the solid complex is, with the exception of the 1400 em"! 
and 3100 cm-' bands, very weak. Indeed it would be difficult to identify the 
organic component. (2) With the additional exception of what is certainly a 


land 


perchlorate ion fundamental in one of the two strong adsorptions at 1030 em 
1100 em~! and the possibility of an “inactive” perchlorate adsorption at 930 em 
the rest of the spectrum is not common to any of the possible components ol the 
complex. Several reasons can be proposed for the differences between the spectrum 
of the complex and the summation of the spectra of its component parts. 

(a) The silver perchlorate—benzene complex may be a different kind of complex 
from that of antimony trichloride and benzene in the sense that the bonding between 
the components may be different. The silver ion is supposedly the unifying principle 
in the structure of the silver perchlorate-benzene complex. This situation has 
been indicated by recent X-ray diffraction studies of the complex | 13) which show 


12) A. E. Huw, J. Am. ¢ hem. Soc. 44, 1163 (1922). 
(13) H. G. Surrn and R. FE. Runpwe, J. Am. Chem. Soc. 80, 5075 (1958) 
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that the solid complex has the silver atoms above two of the carbon-carbon bonds 
of the benzene ring and the bonding between the molecules is therefore assumed 
to be primarily through this atom. The bonding in the antimony trichloride- 
benzene complex may be more strictly between molecules. In terms of the overlap 
of orbitals, in silver perchlorate—benzene the overlap is between an atomic orbital 
and a molecular orbital while for antimony trichloride and benzene it is between 
molecular orbitals. 

(b) The interaction between the component parts may have become so strong 
that vibrations of the components are submerged in what should be considered 
vibrations of the complex as a whole. Again X-ray diffraction data suggest this 
explanation because the interaction is strong enough to change the carbon-carbon 
bond distances in the benzene ring. 

(c) The perchlorate vibrational frequencies may interact with the benzene 
vibrations sufficiently to alter the spectrum of both components. 

In regard to the symmetry of the complex it should be noted that even though 
the complex is of low symmetry (as shown by the X-ray work) its spectrum still 
has relatively few absorption bands. This implies that the symmetry of the complex 
may still be quite high in terms of selection rules for the appearance of infrared 
absorption as, for example, is found in the symmetry C,,. 

The spectra of solutions of silver perchlorate in benzene are also different from 
a summation of the spectra of the component parts. If water is present as a third 
component some additional rather striking changes occur in the intensity and 
position of the bands above 1300 cm~! (Fig. 4(b). The decrease in intensity of 
the bands at 1538, 2600, 1400, 1825 and 1970 em~' when water is present and the 
definite broadening and shifting of the latter three indicate that the water substan- 
tially effects the vibrations of the benzene ring. No further interpretation of 
these effects in terms of the actual mode of action of water can be given at this time. 

It perhaps should be mentioned that it is believed to be improbable that a 
small amount of water, which might be absorbed by these samples during their 
preparation, is responsible for the new absorption bands in the spectrum of the 
solid complex or for the spurious intensity changes referred to in the above 
discussion. 


Antimony trichloride-dioxane 


Vapor pressure measurements of dioxane indicate that there are four molecular 
ratios for this combination: 1 :2, 2:3, 1:1 and 3:2. Ketty and McCusker 


| 14] have reported finding the first two molecular ratios in their preparative experi- 


ments but made no mention of the last two. The compound with 3 : 2 molecular 
ratio sublimed into the cooler parts of the flask during the vapor pressure measure- 
ments. Attempts were made to obtain the spectrum of this complex in the gaseous 
state by completely surrounding a cell containing the solid complex with an oven. 
The only identifiable component in the gas phase was dioxane. The spectra of 
dioxane, a solution of antimony trichloride in dioxane, and a solid complex of 
antimony trichloride and dioxane are shown in Fig. 5. The various molecular 


14) C. J. Kevry and P. A. McCusker, J. Am. Chem. Soc. 65, 1307 (1943). 
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ratios all give similar spectra. The only difference noted was the greater intensity 
of the band at 856 cm~! relative to the 865 cem~! band in the 1:1 and 3:2 


complexes. 

A change in the symmetry of dioxane by the crystal field or the potential field 
in solution from its chair form (C,,) to the symmetrical (C,,) or asymmetrical 
(C,) boat form should produce, in addition to shifts in the frequency of many 
absorption bands already present, at least nine new active infrared absorptions. 


Unfortunately a few of these new frequencies are already overlapped by absorption 


from dioxane of C,, symmetry [15] which makes the symmetry distinction less 
favorable. However, since there is much similarity between the spectra of the 


solid complexes or their solutions in dioxane and the spectrum of dioxane itself, 


and since only one new adsorption band (835 em~') appears in the solution and 
possibly three new peaks (all in the 800-900 em~! region) in the solid complex, it 
would seem that the infrared data does not support either of the boat forms for 


the dioxane molecule in the complex. 

Incidentally, some studies on the infrared spectrum of a titanium tetrabromide— 
dioxane complex [16] reported that the C—O—C ring stretching frequency (at 
1122 em~! in dioxane) is absent in the spectrum of the complex and this was taken 


as evidence that the ether oxygens are involved in the bonding with titanium 


tetrabromide. The present work indicates that the C—-O—C absorption is present 
in the solid complexes but is slightly shifted to lower frequencies as are several] 


other bands (1082, 1048 em~'). This is not to say that the bonding between the 
inorganic salts and dioxane is not through the ether oxygen, for in all likelihood 


such is the case. 


Ms ic ide 

The preparation of complexes of mercuric chloride and dioxane with the mole- 
cular ratios | :2 and 1:1 along with the vapor pressure measurements for the 
|: 1 complex were reported in 1938 [17]. Indications of additional molecular 


dioxane 


ratios of 3 : 4 or 2 : 3 were found in the present study. 

The recent infrared and Raman work by Tarte and Laurent [18] dealt only 
with the complex of 1 : | molecular ratio. The present infrared spectrum of that 
complex is in agreement with their results. Note in Fig. 6 that the difference 
between the spectra of the 1:1 and 1 : 2 complexes is the absence of bands at 


878 cm~! and 1042 cm~' in the | : | complex. 


Nilve) pe rchlorate—dioxane com ple res 


Two complexes of silver perchlorate and dioxane with molecular ratios of 
1:3 and 1:1 were prepared. This is the only case where the solubility of the 
inorganic salt in the organic constituent is so low that a mixed solvent (with 
acetone) has to be used [3]. Since both dioxane and acetone [19] form complexes 
with silver perchlorate, it is fortunate that the vapor pressure of the acetone above 


15) F. E. Matwerse and H. J. Bernsrers, J. Am. Chem. Soc. 74, 4408 (1952). 
16) RK. F. Rousten and H. H. Srsier, J. Am. Chem. Soc. 79, 1819 (1957) 
17| J. L. Crensnaw, A. C. Corr, N. Frxp esters and R. Rogan, J. Am. Chem. Soc. 60, 2308 (1938). 
[ls P. Tarte and P. A. Laurent, Bull. Soc. chim. France 24, 403 (1957) 
A. D. E. and J. McC. Pottock, Trans. Faraday Soc. §4, 11 (1958). 
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the mixture of the complexes is considerably higher than that of dioxane so that 
acetone is completely eliminated before much of the dioxane is lost. One can follow 
the elimination of acetone by the carbonyl absorption band. Due to the low solu- 
bility of the complex in dioxane only the infrared spectrum of the solid state is 
shown in Fig. 7. Furthermore, the spectra of the complexes with the two molecu- 
lar ratios are so similar that only one spectrum is presented. It is surprising, in 
view of the results for the silver perchlorate—benzene complex, to find that in the 
silver perchlorate-dioxane complex the absorption bands of the organic component 
are so little affected by complex formation. This seemingly limits the generality 
of one of the explanations regarding a different type of bonding for the silver 


perchlorate complexes. 


Table 2. Frequencies of absorption bands in 800-900 cm 1 region of the spectra 
of inorganic salt-dioxane complexes 


Complex Frequency (em™!) 


C,H,O, 870 
28bC1,.C,H.O, S92 865, 856, 852, 822 
HgCl,.2¢ 862, 855 

Ag®lO,.C HO, 890, 870, 858 

TiBr, S87 852, 833° 


* Taken from article by R. F. Roister and H. H. Sisver {16}. 


The splitting of the dioxane bands in the 800-900 em~! region is again observed 


in these complexes and as can be seen from Table 2 this splitting seems to be a 
veneral characteristic of the spectra of the solid complexes between inorganic 
salts and dioxane and can also be seen in the infrared spectrum of dioxane in the 
solid state | 15). The additional absorption is therefore believed to originate in the 
dioxane molecule and requires some explanation which is generally applicable to 
all these complexes. It seems very likely that in the solid state the crystalline 
field is imposing slight deformations on the dioxane to produce symmetries lower 
than (,,. X-ray data on the 1:1 complex of mercuric chloride and dioxane 
20)] gives a space group symmetry of PT under which only sites of C, symmetry are 
available for both the mercuric chloride and dioxane molecules. If this symmetry 
is imposed on dioxane no additional vibrations would become active in the infrared 
or Raman spectrum. However, small shifts in frequency of active absorptions 
could take place and the possibility of Fermi resonance could explain the splittings, 
since under (, symmetry the infrared active vibrations of dioxane in classes 
A. and B, would become the same class (A,). 


Vapor pressures and thermodynamic re sults 


Graphs showing the change in vapor pressure with temperature for most of 
the complexes are given in Fig. 8. In those cases where loss-in-weight experiments 


20) O. Hasse. and J. Hvosier, Acta Chem. Scand. 8, 1953 (1954). 
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OATA FOR DETERMINATION OF 
THERMODYNAMIC QUANTITIES 


mn vapor pressure with temperature tor the comple Xes 


indicated that complexes with several molecular ratios were formed, the measured 
vapor pressures are believed to be the equilibrium pressures for the pairs of com 
plexes given in the reactions listed in Table 3. The free energy changes (AF), 
entropy changes (AS) and the heats of dissociation (A//) for these reactions 
were calculated from the data in Fig. 8, and the results are given in Table 3. 
Wherever there is a large drop in pressure between successive reactions, as 
indicated by the temperature at which the pressure is | mm (see Table 3), there is 
a corresponding large increase in the free energy change. 

There is no correlation between the size of the thermodynamic quantities and 
the spectral effects previously discussed. If, forexample,the relatively large changes 
in the spectrum of benzene as it forms a complex with silver perchlorate are due 


to a strong interaction, and if the energy of such an interaction does not appear 


externally in the thermodynamic quantities listed in the Table, then it must be 
dissipated internally. Smrrn [13] has made some calculations of lattice energies for 
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this case which are pertinent. A summation of the terms in Madelung energy, 
dispersion energy, repulsive energy and induction energy for pure silver perchlorate 
is --169 cal/mole, while for the silver perchlorate bonded in the complex it is 

126-8 cal/mole (excluding energy terms connected with benzene). This difference 
in energy is, of course, compensated for by the energy associated with the inter 
action between the silver ion and benzene and between benzene and benzene. It 
is suggested that it is the magnitude of these latter terms which will correlate with 


the severity of the spectral differences. 


Table 3. Thermodynamic quantities for dissociation reactions of complexes 
| 


AH AS’.* AS 


(cal mole) (eujmole) (eu Tre) (cal mole) 


295 


teaction 


28bC1,.C gH, 28bCl, ‘alle 12,100 
SbC1,.2C,H,O} 28bC1,.3C,H.0, S380 
28bC1,.3C,H,O, 2SbC1,.C 13,100) 


AgC1O,.C HO, > Ag ; S510 : 1000 


* T is the temperature at which the vapor pressure over the complex pair is 1 mm, so that log P is 


0 at temperature 


It is further suggested that, in the case of antimony trichloride and mercuric 
chloride, a separation of charges does not take place. That is, the expansion of 
the crystal to include the organic component is accomplished by a separation of 
the halide molecules as non-ionized units. For such a mechanism the change in the 
crystal energy terms such as the Madelung energy should be relatively small and 
the changes in the externally measured thermodynamic quantities should be more 
indicative of the actual bond strength between the organic and inorganic parts of 
the complex. 

Conclusions 

There are indications in the rate at which the organic component can be 
removed from the combination of certain inorganic salts in organic solvents that 
the following molecular compounds are formed: SbCI,.3C,H,: AgClO,.3, 2, 
4 and IC,H,: SbCI,.3, 2, | and §C,H,O,: HgCl,.2, and 1C,H,O,; AgClO,.3 and 
IC 

Selection rules applied to the spectra of SbC1,.3C,H, indicate that in solution 


the complex has a symmetry of C,, while in the solid state it has the symmetry 


2: 


“inactive” frequencies of the pure organic component become active in the complex 


This is the only instance among the complexes investigated where several 


in such a manner that a correlation between selection rules and symmetry is quite 


clear. 


55 Boge 52-1 3410 
43-9... 35-7 2720 
35-7 2250 
55-6 309 4585 
43-3 4510 
418-0... 2430 
51 17-0) 3250 
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Spectra of the solid complexes with dioxane give very little evidence that the 
symmetry of the complex is less than that of dioxane itself. Attention is called, 
however, to the splitting of certain bands, particularly in the 800 to 900 em~! 
region of their spectra, which may be an indication of a distortion and symmetry 
change for dioxane from C,, to C,,. 

The silver perchlorate—benzene spectra are much different from a summation of 
the component spectra and these differences do not correlate with possible inactive 
frequencies of the component parts. Three possible explanations are proposed: 
(a) the bonding in this case may be a different kind; (b) the interaction may be 
so strong that the group frequency concept for the component parts is no longer 
valid; or (c) the perchlorate ion vibrations or some overtones or combinations 


may be interacting with benzene vibrations. 

The vapor pressures of the complexes as a function of temperature were 
measured and AH, AF and AS° are calculated for the dissociation reactions. 
There seems to be no correlation between these quantities and the changes in the 
spectra. It is suggested that it will perhaps be necessary to dissect the lattice 
energies into their component parts to observe this correlation. Values for AH 
range from — 7920 cal/mole for AgClO,.C,H, to — 15,350 cal/mole for HgCl,.C ,H,O, 
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Infrared studies of the self-association of chloroform 


Epwin D. Becker 
National Institutes of Health, Bethesda, Maryland, U.S.A. 


(Received 1 June 1959) 


HypROGEN bonding of chloroform to proton acceptor molecules such as acetone 
and triethylamine is well established and results in characteristic changes in the 
infrared (IR) and proton magnetic resonance (PMR) spectra of chloroform [1]. 
In addition, the existence of intermolecular interactions between chloroform 
molecules themselves (‘‘self-association’’) is indicated by changes that have been 
observed in the IR frequency [2] and intensity [3] of the C—H stretching absorp- 
tion of CHCl, and in the PMR frequency [4] of CHCl,. These effects have been 
ascribed to a very weak hydrogen bonding interaction in which the Cl atoms of 
CHCl, serve as the proton acceptors [3, 4]. 

In the course of previously reported work on the temperature dependence of 
the intensity of the C—H stretching band (near 3018 em~') in chloroform [3] we 
noticed that the absorption coefficient of this band was also sensitive to concentra- 
tion, being reduced almost 50 per cent by dilution with CCl, to 0-05 M. More 
recently Mizusuima et al. [5], in a comprehensive report on the use of a small 
grating spectrometer, reported that the absorption coefficient measured with high 
resolution is constant over a wide concentration range.* The large discrepancy 
between their results and our earlier unpublished data prompted us to make a 
further study of the system under various conditions of resolution. The results of 
this study, together with some IR measurements of CDCl,, are reported herein. 


Experimental 

Spectra were obtained with a Perkin-Elmer Model 13 spectrophotometer 
modified to scan linearly in frequency [6]. The dispersing element was either a 
LiF prism or a combination of a NaCl prism and a 300 lines/mm grating blazed for 
3 in the first order. The instrument was used either single- or double-pass, 
single- or double-beam; and spectra were recorded either as percent transmission 
or linearly in optical density. No significant variations were observed in the 


* Note added 21 June: Prof. Samanovucnt informed us that he has remeasured the intensity of the 
C—H stretching bond of CHCl, in CCl, and agrees with the results reported herein. At present he is 
unable to explain the discrepancy with their earlier results. 

{1} C. M. Hueerns and G. C. Pimente., J. Chem. Phys. 23, 896 (1955); C. M. Huaerns, G. C. Pimenre! 
and J. N. SHoo.ery, Jbid. 23, 1244 (1955); R. C. Lorp, B. and H. D. J. Am. Chem. 
Soc. 77, 1365 (1955); A. Nikurapse and R. Utpricn, Z. Physik. Chem. 2, 9 (1954); G. J. Kortnex 
and W. G. Scuneiper, Can. J. Chem. 35, 1157 (1957). 

R. B. Bernstern and M. Tamres, J. Chem. Phys. 23, 2201 (1955). 

U. Lippe. and E. D. Becker, J. Chem. Phys. 25, 173 (1956). 

L. W. Reeves and W. G. Scunerper, Can. J. Chem. 35, 251 (1957). 

S. Mizusuima et al., Report on Perkin-Elmer Grating Spectrophotometer Model 112G. Nankodo, Tokyo 
(1957). (English translation published by Perkin-Elmer, Norwalk, Conn. (1959). 

|6] F. S. Brackert, J. Opt. Soc. Am. 47, 636 (1957). 
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results obtained with these different modes of instrument operation. Cell thick- 
nesses were measured by means of interference fringes where feasible: for cells 
thicker than 0-2 mm a calibrated variable space cell was used. Cell lengths were 
chosen so as to produce an approximately constant optical density (0-4—0-5) for 
the band of interest, as the concentration of chloroform was varied. Corrections 
were made for the small absorption of C( 'l,. For the studies of CDCI, in cyclo- 
hexane a compensating amount of solvent was placed in the reference beam. 


| 


Neue 


0:34 


° 


Optical density 


2 
Spectral slit width, cm 


Fig. 1. Optical density (log I ,/1) at 3018 cm" as a function of slit width for solutions of 
CHCI, in CCl,. Mole fraction CHC, is indicated for each curve 


The false energy was measured and a correction applied. The values of the spectral 
slit width were determined from the known separations of the lines in the H(C1®5 
and HCI*? spectrum. 

CHCl, was purified by the method of Freser (7). CDCl, (Merck, Ltd.) was 
used without purification. Both isotopic species were found by IR spectra to be 


free from phosgene. Cyclohexane and (( ‘l, were dried with Linde 4A molecular 


sieve. 


Results and discussion 
Since our earlier results [3] on the absorption coefficient of the C—M stretching 
band in CHCl, had been obtained with a spectral resolution of about 6 em-!. 


whereas Mizusuima et al. [5] report 0-56 and 2 cm~' resolution, we first investigated 


the effect of spectral slit width on the absorption. Fig. | shows the optical density 


for several solutions as a function of slit width. There is a decrease in optical 


density of about 4 per cent as the spectral slit width increases from 1 to 4 em-!. 


Although the CHCl, band is asymmetric, this variation of optical density with 
slit width is in very good agreement with Ramsay’s calculations for a Lorentzian 


shaped band (4-5 per cent) [8]. The variation with resolution is nearly the same for 


all the solutions studied, indicating that while the absorption coefficient measured 


7) L. F. Fieser, Experiments in Organic Chemistry p. 365. Heath, New York (1941 
8} D. A. Ramsay, J Am. Chem. So« 74, 72 (1952) 
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Infrared studies of the self-association of chloroform 


at poorer resolution is somewhat lower than the true value, its apparent concen- 
tration dependence will not be sensitive to slit width. 

Fig. 2 shows the variation of the absorption coefficient, z,* with mole fraction 
of CHCl, in CCI, for a spectral slit width of 4 em~!. x decreases from 14-5 for pure 
CHCl, to 8-0 at infinite dilution, a change of 45 per cent. (Extrapolated values at 
zero slit width are 15-4 and 8-4, respectively). The change of « with mole fraction 
is approximately linear. Fig. 2 shows also that the integrated absorption coefticient, 


T 


350 


0-4 06 0-8 1-0 
Mole fraction 


Fig. 2. Peak absorption coefficient (x) and integrated absorption coefficient (B) for the 
band at 3018 in CHCI,. « is in mole~'! em-', B in |. mole! em~?. 


B, approximately parallels « in its concentration dependence, decreasing 38 per 
cent over the entire concentration range. The apparent half-width of the band. 
measured at a slit width, increases from 13-5 em~! in pure to 15 
at a chloroform mole fraction of 0-05. 

A corresponding change is observed in the absorption coefficient for the 
(—D stretching mode of CDCI, in CCl,. In this case « decreases from 6-5 to 3-4 
over the complete concentration range, a reduction of 48 per cent. Studies of 
CDCI, in cyclohexane were made only above a mole fraction CDCI, of 0-35 since 
solvent absorption interfered in the thicker cells required at lower concentrations. 
The extrapolated value of x at infinite dilution in cyclohexane is 2-1, a reduction 
of 68 per cent from its value in pure CDCI,. 

The frequency of the C—H band in CHCl, apparently decreases 0-7 em! in 
going from pure CHCl, to a 5°, solution in CCl,. This small shift is barely outside 
the range of probable experimental error. No shift was observed in the C—D 
frequency of CDCI, in either CCl, or cyclohexane. 

These results are consistent with the existence of weak hydrogen bonding 
between chloroform molecules. The increased interaction in pure chloroform over 
that in dilute solution is expected to result in an intensification of the C—H or 
C—D stretching band. Such intensification, together with a small (or zero) 
frequency shift has been found for CDCl, hydrogen bonded to several proton 


acceptors (e.g. acetone, nitrobenzene, dioxane) [1]. However, the magnitude of 


*a@ = (1/C/) log (/,/1), C in moles/l., / in em. 
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the intensification in the present instance is much smaller. For example, the rela- 
tive molar integrated intensities of the C—D stretching band of CDCI, as a dilute 
solution in CCl,, as the pure liquid and as a dilute solution in acetone are, respec- 
tively, 0-6, 1-0 and 9. These ratios may be indicative of the weak self-association 
of chloroform compared with its interaction with a relatively strong base such as 
acetone. Factors other than hydrogen bonding may, of course, account for some 
of the observed results. However, the calculated intensity change [9] resulting 
from alteration of the refractive index of the solution in going from CHCl, to CCl, 


is only | per cent, and in the direction opposite to that observed. Interactions of 


a dipolar nature are probably experimentally indistinguishable from hydrogen 
bonding in this system. 

Although both cyclohexane and CCl, are generally considered “‘inert”’, the 
intensity of the CDCl, band at low concentration in the two solvents differs by 
40 per cent. Again the refractive index change accounts for only 1-2 per cent, the 
remainder presumably reflecting the effect of different interactions in the two 
solvents. Although the detailed interpretation of the interactions is not entirely 
clear, these results clearly demonstrate the sensitivity of the C—H (and C—D) 
intensity of chloroform to small environmental perturbations, 


[9] W. B. Person, J. Chem. Phys. 28, 319 (1958). 
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RESEARCH NOTES 


Infra-red spectrum of dicobalt octacarbonyl 
( Received 8 August 1959) 


THE infra-red spectum of Co,(CO), was reported by CasLe, NyHoLm and SHELINE [1] and 
by FrrepeL, WENDER, SHUFLER and STERNBERG [2]. They observed in the C—O stretching 
region three terminal and one bridge carbonyl frequencies and decided on this basis for the 
trans structure belonging to point group C,, [2]. Friepe et al. predicted that the cis 

100 


% transmission 


2200 2000 1800 


Wove number, cm” 


Fig. 1. Infra-red spectrum of dicobalt octacarbony! in the C—O stretching region; 
n-heptane solution. 
structure of point group (’,, would demand five terminal and two bridge carbony] stretching 
frequencies. These studies were performed, however, by the use of NaCl optics, which 
possess only inadequate resolution in the 2000 em~' region. 

We reinvestigated the spectral range between 1800-2200 cm-! by the use of a LiF 
prism, at a spectral slit width of about 2cm~'. The obtained spectra showed five bands in 
the terminal and two bands in the bridge carbonyl region (Fig. 1). The wave-number values 
of the observed seven absorption maxima were: 2070, 2060, 2044, 2032, 2024, 1869 and 
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Ish cm~', those formerly known [1,2] being underlined. Additional weak bands were 
observed at 2112, 2003, 1993 and 1824 em~'. Those at 2003 and 1993 em~! were observed 


by the above-mentioned authors at 1992 em~! only as an unresolved shoulder 


The ratios of the ¢,,,, values of the several absorption bands did not change after 


purification by vacuum sublimation, consequently they are not due to accidental contamina 


tions by Co(CO),H or Co,(CO),, (FrRIepe ef al. {2 reported strong absorption bands for 


the first of these complexes at 2053 and 2030 em~' and for the second one at 2058 and 


in normal heptane solution.) 


By the use of NaCl prism and a spectral slit width of 12 em“ we obtained spectra which 


had the same shape as published by Case ef al. ({1]}, Fig. 1), having only three absorption 


maxima in the terminal and one in the bridge CO region 


Our results are considered as evidence for the cis configuration of the dicobalt octa- 


carbonyl! moleculs 


The full account of this wor k will be mublished else where 


Experimental 


Dicobalt octacarbony! was prepared by the method of Marko[3] and purified by vacuum 
sublimation. Normal heptane was saturated at low temperature by carbon monoxide 
Handling of the dicobalt octacarbonv! and its solutions was performed in an atmosphere 


of carbon monoxide. The concentration of the solutions was about 8 . 10-4 


molar. Spectra 
were obtained by the double-beam spectrometer UR-10 of VEB Carl Zeiss, Jena, using LiF 


prism, and NaC! cells of 0-385 and 0-107 mm thickness. The given frequencies are accurate 


within 

G. Bor 
Hungarian Oil and Gas Research L. MARKG 
Institute Veszprém, Hungary 


Director Py if Dr M Fr ind 
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Vole added in proof 


Recently Mrius and Ropinson’ proposed a new structure for the dicobalt octacarbony! 


molecule. This belongs also to point group (,, and demands therefore also five terminal and 


two bridge C—O stretching frequencies, like the two other cis configurations, structure 
IVa of ef al. | 1) and structure X/a of Friepen ef al. Although the structure 


proposed by Mitis and Ropinson is very probable, it is not possible to decide for any one 


of these structures on the basis of infrared spectra 
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REPORTS OF MEETINGS 


Symposium on Molecular Structure and Spectroscopy 


The Ohio State University, Columbus, June 15-19, 1959 


Under the sponsorship of the Department of Physics and Astronomy, the Graduate School of the 
University and the Office of Naval Research 


Vacuum ultraviolet spectroscopy: |’. (:. Witkinsonx, The University of Chicago, Chicago, 
Illinois. 


Electronic spectra of transition metal ions in crystals: Donato 8. MoCLure, Radio Corporation 
of America, Princeton, New Jersey. 


Some problems in the electronic structure of conjugated chains: Yuzuru Oosuika, Polytechnic 
Institute of Brooklyn, Brooklyn, New York. 


Walsh’s rules: (ani KE. Wuirman, The Defiance College, Defiance, Ohio. 


Survey of wave functions for two-electron systems: (LeweNs C.J. Roornaan, The University 
of Chicago, Chicago, Illinois. 


_ An emission system of the IO molecule: Kk. A. Durnin, F. Lecay and D. A. Ramsay, Division of 

5 Pure Physics, National Research Council, Ottawa, Canada 

: \ band system of the LO molecule, first observed by CoLEMAN, Gaypon and Varpya!1] in 
emission from an oxyhydrogen flame to which methy! iodide was added, has been photographed 
under high resolution using a 21 ft concave grating spectrograph. Approximately forty bands 
have been observed in the region 4000-7000 A. The rotational structure of the bands indicates 
that the transition is of the ty pe 2]]—211. The analvsis of the bands and the molecular constants 
of 10 will be discussed. 


The dipole moment of HD: %. M. Buinper,* Department of Chemistry, Harvard University, 


Cambridge 38, Massachusetts 


The HD molecule has a small permanent electric dipole moment as a consequence of the 
asymmetry of nuclear vibration. The complete molecular Hamiltonian contains a term which 
is not invariant to inversion of electronic coordinates through the molecule center This gives 
rise to the axial asymmetry of electronic charge. Treating the term as a perturbation it is found 
that the 'S_* electronic ground stat: is perturbed only by states of ‘XS, * symmetry. It is assumed 
that only the lowest such state (the B state) contributes Averaging 


ove! the Morse 
functions of the first three vibrational levels, the values 8-89 10-4, 8-84 10-4, 8-78 
Debye unit are obtained for the permanent moment. The dipole is directed along the inter 


nuclear axis with the proton end relatively positive. 


New emission bands of N, in the vacuum ultraviolet region: M. Ocawa and Y. Tanaka, Geo 
phi sics Research Directorate, Air Force Cambridge Research Center. L. G. Hanscom Field. 
dford, Massac husetts 


Using a 2-m vacuum spectrograph and an ordinary transformer discharge with a small 


amount of N, and several mm of argon or xenon, new bands of N, were observed in the region 
between 1600-2250 A in each case. 


All bands are shaded to the long wavelength side, and the bands in the (N, A) mixture 


* Present address Applied Physics Laboratory, The Johns Hopkins University, Silver Spring, 
Marviand 
1] Coteman E. H., Gaypoow A. G. and Vaipya W. M., Nature 162, 108 (1948), 
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have a single branch while the bands in the (N, + Xe) mixture show two heads. A preliminary 

vibrational analysis of these bands has been performed, and the bands in the (N, + A) mixture 

are attributed to a’ 'X, X'Z.* (vr. 67735-5 em™'), while the bands in the (N, + Xe) 
(or — X'Z,* 65850-4 em™'). The present results are 

compared with WILKINSON and MULLIKEN’Ss results [1] in absorption. 

An experimental determination of the oscillator strength of the first negative bands of N,°: 


F. W. Davey and R. G. Bennett, Radiation Physics Laboratory, Engineering Department, 
E. I. du Pont de Nemours & Co., Inc., Wilmington, Delaware. 


mixture are attributed to *Z 


“ 


The radiative lifetimes associated with the electronic transitions of diatomic molecules 


usually fall in the range 10-*-10~* sec. An experimental apparatus capable of measuring life- 


times in this range will be described. The theory which relates the measured radiative lifetimes 


to oseillator strengths and extinction coefficients will be summarized. 
The radiative lifetime of the upper state of the 3914 A transition of N,* which plays a role 
in the problems of the aurora and upper atmosphere was determined to be (6-58 0-35) lo* 


sec, corresponding to an oscillator strength, f, of (3-48 0-20) LO, 


Rotational temperatures of auroral N,* bands:* A. Vaciance Jones, Physics Department. 


University of Saskatchewan, Saskatoon, Sask., Canada. 


Spectra of the 0,0 first negative Ny band have been obtained with high resolution, f/0-8 
grating spectrographs over the past nine years. The earlier spectra obtained from normal low 
level aurora (100-150 km) gave low rotational temperatures ranging from 250°K to 350°K 
although there was a strong indication of some higher temperature contributions. Recently 
spectra have been obtained from high level (600-1000 km) sunlit auroral rays and from these 
rotational temperatures of around 2000°K have been derived. The rotational energy dis- 
tributions of the Ny bands in these spectra show irregularities which are analogous to those in 
the bands of cometary spectra. It is quite possible that these results indicate atmospheric 
temperatures as high as 2000 K in the 1000km region although other interpretations are possible 


The Schuman Runge bands of oxygen in condensed phases: K. Dressitert and O. Scunerr. 
National Bureau of Standards, Washington, D.C 


The Schuman-—Runge bands of molecular oxygen have been observed in absorption between 


1900 A and about 1700 A in matrices containing up to 10 per cent of oxygen at liquid helium 
temperature. Nitrogen and argon were used as matrix materials. The gaseous mixtures were 
deposited on a lithium fluoride window cooled to 4-2°K. Hydrogen, xenon and krypton sources 
were used as emitters of continua in the spectral regions investigated. Discrete bands were 


observed between v 4 and 15. The vibrational spacings closely resemble those of the 


bands of the gas but the bands are shifted to shorter wavelengths by 650 cm™!. The results 


indicate that the matrix does not noticeably affect the shape of the potential energy curve of 


the molecule out to an internuclear distance which is twice the equilibrium distance in the 


ground state. The continuum which follows the bands to shorter wavelengths also closely 


resembles that observed in the spectrum of the free molecule. 


The Faraday dispersion of O,: |). 1. Houcen {2,3}, Department of Chemistry, Harvard University, 


Cambridge, Massachusetts. 


The anomalous Farady dispersion of O,[4,5] between 30,000 and 10,000 em™! can be 


accounted for by the interaction between the magnetic field vector of the light wave and the 


* This work has been supported by the Geophysics Research Directorate of the Air Force Cambridge 
Research Center 
+ Research guest from the Catholic University of America 


[l) Private communication 

2) National Science Foundation Fellow, 1958-59. 

[3|) This work was suggested by Proressor WiiiiamM Morrirt of Harvard University, and was carried 
out under his direction. His untimely death last December prevented him from considering the 
presentation of the problem indicated above 

4) Server R.. Phys. Rev. 41, 489 (1932) 

[5) Incersouy L. R. and Liesenperc D. H.,.J. Opt. Soc. Am. 44, 566 (1954); 46, 538 (1956); 48, 339 (1958) 
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spin of the *{ oxygen ground state. Such an interaction leads to a frequency-independent 
contribution to the Verdet constant, Vo. in contrast to the usual frequency-dependent con- 
tribution arising from the interaction of the electric field vector of the light wave with the dipole 
moment of the molecule. The frequency-independent term can be calculated absolutely. The 
value obtained allows the oxygen data to be fit to 1 per cent by a single additional term of the 
usual type: 


Vo 1-95 + , min/oersted/em 
7700 108 


Emission spectrum of §, in the vacuum ultraviolet region: Y. Tanaka and M. Ocawa, Geophysics 
Research Directorate, Air Force Cambridge Research Center, L.G. Hanscom Field, Bedford. 
Massachusetts. 


By using a transformer discharge in sulphur vapor, we observed a group of emission bands 
in the region, 1700-2000 A. The individual bands are single-headed and are degraded toward 
the violet, while their intensities are much weaker than those of the B®L,~ — X*Z, 

According to our analysis, there are two systems of bands; the upper states of both systems 
are close to each other and they have a common lower state which is most probably the ground 
state, X3Z_-, of S,. The excitation energies of their upper states are also very close to that of 
but they belong neither to the transition C(I1,,) X®Z,~, nor to D Il, X both 
of which have been observed in absorption [1]. 


Resonance spectrum of iodine in the ultraviolet region: K. D. Verma, Laboratory of Molecular 
Structure and Spectra, Department of Physics, University of Chicago, Chicago, Illinois. 
Previous workers [2,3] observed in electric discharge a resonance spectrum in iodine vapour 

in the ultraviolet region. One [3] of them has given the analysis of the spectrum photographed 

in the region 2360-2050 A with Hilger El spectrograph. Present author also repeated the 
experiment in India using Hilger El spectrograph. Preliminary analysis showed that the 
analysis of this spectrum could be improved and better constants for the ground state could be 
determined if the spectrum was photographed with high resolving instrument up to the exciting 
line. Therefore this resonance spectrum has been photographed in the region 2370-1800 A with 

a 21-ft vacuum grating spectrograph in the second and third orders using a grating having 

30,000 lines/in. The spectrum was excited by microwave frequency which was found suitable 

to give high intensity. The analysis shows five doublet series excited by the resonance line 


1830-4 A of iodine atom, extending from v” =0 up to nearly the dissociation limit of the ground 
state of l, molecule. The rotational levels excited in the upper state are v n, J 22 and 
25; v n 1, J 49 and 46, and v n 5, J 87 for five different series. The rotational 


constants for the ground state are given by the following two equations: 
B, 0-0373405 —0-00012079(» + 1/2) + 4-444 1/2)? 


1-839 10-4%(v + 1/27 0-57 1/2)4 (1) 


D, = 1-99 


12-36 


10 11 (v 


These constants are probably more reliable than those of RANK and BaLpwIin [4] as their cal- 


culations are limited to data known only up to v” = 20 and hence they could see the effect of 
only first two constants, whereas in the present work data are known from v Ouptor 82. 
The constants for the upper state could be calculated as B,’ = 0-012427 em~!, w 42-95 em™! 


n 


where n is the unknown vibrational quantum number in the upper state. The determination 
of the vibrational constants for the ground state is in progress which is expected to yield more 
higher order terms in the formula for the positions of the vibrational levels and perhaps to 
improve the constants already known. 


{1] Wrecranp K., Wenrui M. and Mrescuer E., Helv. Phys. Acta. 7, 841 (1934); Mageper R., Helv 
Phys. Acta 21, 411 (1948). 

[2] Asacor K., Sci. Rep. Tokyo Bunrika Daigaku, 2, 9 (1935) 

{3} Kowura M. and Tonomura K., Pieter Zeeman, 241 (1935). 

[4] Rank D. H. and BaLowi W. M., J. Chem. Phys. 19, 1210 (1951). 
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The absorption spectra of the rare gases in the solid state: ©). Scunerr and K. Dresscer,* 

National Bureau of Standards, Washington, D.C. 

The absorption spectra of several rare gases in the crystalline state have been investigated 
out to 1300 A. The pure gas was deposited on a lithium fluoride window cooled to liquid helium 
temperature. Krypton and argon light sources were used in this investigation. The resonance 
lines of xenon lie at 1469-6 A and 1295-6 A. Solid xenon has five absorption bands between 1500 A 
and 1300 A, which can be correlated with the excited electronic states of the free atoms, due 
consideration being given to the crystal field effects. The resonance lines of krypton lie at 
1235-8 A and 1164-9 A. Solid kyrpton begins absorbing near 1260 A. Again the shift is very 


small. The absorption of solid argon is under investigation. 


An infrared band system of the C, molecule: ©. A. Baviik and D. A. Ramsay, Division of Pure 

Physics, National Research Council, Ottawa, Canada. 

A new band system of the C, molecule has recently been found [1] in emission from a King- 
type carbon furnace and has been investigated with a high resolution infrared grating spectro- 
meter. Four sequences of bands have been observed; the R-heads of the strongest bands in 
each sequence are at 5656-2, 7103-0, 4040-1 and 8526-1 em™! in order of decreasing intensity. 
The bands have triplet P, Q, R structures and have been assigned to a > 31]. transition of 
the C, molecule. The lower state rotational and vibrational constants agree well with those 
derived from the Swan bands for the NX I], state. The molecular constants of the *X.~ state 


will be discussed. 


An observed spectrum of CH, near 2600 A: M. McCanry, Jr. and G. Winse Ropinsoy, D»part- 
ment of Chemistry, The Johns Hopkins University, Baltimore 18, Maryland. 
On condensing the products of an ethane plus krypton discharge (the krypton being in excess 

by a factor of 30) on a liquid helium cooled quartz tube, three sharp lines near 2600 A were 

observed in absorption through the deposit. The spectrum showed an isotope shift with ethane 

d,, the vibrational spacing going from 900 50 em! to 725 50 em! for the fully deuterated 

ethane. With ethane 1,2 d, at least one new set of bands was present. On the basis of the isotope 

shifts and the fact that there are no known molecules which could be formed from an ethane 
discharge which exhibit similar absorption, it was postulated that the observed species was CH,,. 

That the spectrum is due to CH, was substantially verified since it was found that the photolysis 

products of both CH,CO and CH,N, in krypton yield the same spectrum as that from the ethane 

discharge At this time it is impossible to state whether the group state of CH, is 1A, or ‘By 
and very little can be said about the molecular geometry. At least one of the states involved in 
the transition is bent since the 900 em! spacing probably corresponds to the vr’, bending mode. 


vhich is expected to appear strongly when there is a difference in angle between the two states. 


A one-center wave function for the methane molecule*: Awnrony F. Sarurno and Roperr (. 
Parr, Department of Chemistry, Carnegie Institute of Technology, Pittsburg, Pennsylvania 
The one-center expansion method [2] is employed to determine several wave functions for 
the ground state of the molecule CH,. The basis orbitals used are Slater orbitals, s, 8°. p.d.f.f. 
}. . of variable orbital exponents and principal quantum numbers [3.4). the molecular 
properties computed include total electronic energy, equilibrium CH distance and breathing 


force constant. Implications regarding the heat of sublimation of carbon are discussed 


Interaction of electrons in polar solvents or lattices: Wim FE. Donan, Polytechnic Institute of 
Brooklyn, Brooklyn, New York 
\ model, presented here for the “bipolaron”, puts the two electrons into a configuration 


which is essentially that of a hydrogen molecule without the nuclei. The model is applicable 


* Research guest from the Catholic University of America 
* Supported by a grant from the National Science Foundation 


1} Batok E. A. and Ramsay D. A., J. Chem. Phys. 29, 1418 (1958 
2) Joy H. W. and Parr R. G.. J. Chem. Phys. 28, 448 (1958 

3) Parr R. G. and Joy H. W.. J. Chem. Phys. 26, 424 (1957 

4) Saturvo A. F. and Parr R. G.. J. Chem. 29, s00 (1058 
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for the case of a solvent, or lattice, and assumes that the Born-Oppenheimer approximation 
applies. 

Calculations will be presented for different average separations. It will be shown that for 
large ratios of static to dynamic polarizability the bipolaron is stable, in contrast to previous 
work which did not include electron correlation effects. 


The orbital valency force field in allene, ketene and diazomethane:* \\. H. Fuercuer and 
C. E. Battey, Department of Chemistry, The University of Tennessee, Knoxville, Tennessee. 
The orbital valency force field, with the inclusion of van der Waals repulsion terms, has been 

applied to allene, ketene and diazomethane, and the application of this field to ethylene has 

been re-examined, Correlations among these molecules is generally very good. The van det 

Waals repulsion terms are adequate to account for the off-diagonal / matrix elements except in 

the case of diazomethane. The frequencies for ¢ ‘H oN and Cl YyNo can be explained only if some 

negative off-diagonal elements are employed and this appears to be a result of a direct attraction 
between the hydrogens and the terminal nitrogen of the molecule. 


The transferability of Urey—Bradley force constants: the carbonyl halides and related molecules. 
JoHn OvEREND and J. R. ScHERER, Spectroscopy Laboratory, the Dow Chemical Company, 
Midland, Michigan. 

Urey—Bradley force constants have been determined from the observed vibrational fre- 
quencies of COCI,, COF, and COBr, by a least-squares method. These have been combined 
with Mryazawa’s [1] values of the Urey-Bradley constants of COH, and used to calculate the 
frequencies of the asymmetrically substituted phosgenes, COCIF, COCIBr and COFBr and 
also those of COFH and COFD. The results are compared with those of MANN et al. [2] on the 
perhalogenated ethylenes. 


The double minimum potential of H,CO:* N.W. Navewe, J. R. Hexperson and J. B. Coon, 

A. and M. College of Texas, College Station, Texas. 

The energy levels and wave functions have been obtained for a convenient double minimum 
potential function with two parameters [3]. The problem has been solved in dimensionless form 
so as to be applicable to any double minimum problem. As a test case the 0*, 1* and I~ levels 
known for NH, lead to a barrier height within 5 per cent, and a displacement of the itom from 
the H plane within 10 per cent, of the known values. For the low barriers of H,CO the present 
method is expected to give better results than for the high barrier of NH,. The barrier height 
B and the angle @,, of out-of-plane bending, are determined for the 'A, electronic state of H,CO 


and D,CO using values of the 0*, 0~ and 1* levels given by Roprnson [4]. The results are 
B(H,CO) = 379em™, B(D,CO) = 376em™', 6,(H,CO) = 30-94° and @,(D,CO) = 31-16°. 
l 


If the 1~ level is given a weight equal to that of the other levels a barrier more than 100 em 
higher is obtained [3]. However, it is reasonable that the lower levels should lead to the best 
barrier height. The levels 0*, 0~ and 1*, known [5] for the °A, state of H,CO lead to a barrier 
height B = 793 em™! and a bending angle 6,, = 40-0°. 


Rotational distortion constants for and ND,:* Frank SuszeKk SUNDARAM, Spectroscopy 
Laboratory, Department of Physics, Llinois Institute of Technology, Chicago 16, Illinois 


The potential energy constants for NH, and ND, have been obtained by considering the 
available vibrational spectral data and the anharmonicity factors. Using these constants, the 
rotational distortion constants have been calculated by the method of KivELson and WILson 


* Supported by Office of Ordnance Research, U.S. Army. 
+ Supported by the Air Force Office of Scientific Research. 
* Aided by a grant from the National Science Foundation 
Mryazawa T.. J. Chem. Soe. Japan, Pure Chem. Sect. 76, 1132 (1955 
Mann D. E., Fano L., Meat J. H. and Suimanovcut T., J. Chem. Phys. 27, 51 (1957) 
NAUGLE N. W., Henperson J. R. and Coon J. B., Bull. A.P.S. 4, 105 (1959). 
Rosrnson G. W. and DiGrorato V. E., Can. J. Chem. 36, 31 (1958). 
| Hopers 8. E., Henperson J. R. and Coon J. B., J. Mol. Spec. 2, 99 (1958). 
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for both the molecules. The values obtained in the present investigation compare favorably 
with the corresponding observed values. The potential energy constants obtained here reproduce 


the harmonic wave numbers exactly. 


On matrices which anticommute with a Hamiltonian, with applications to the electronic spectra of 
conjugated hydrocarbons: Hanoip V. McInrosu, Brandeis University, Waltham, Massa- 
chusetts and RIAS, Baltimore, Maryland. 

CovuLson and RusHBROOKE [1] have shown how many of the properties of the z-electron 
system in a conjugated hydrocarbon may be described in terms of contour integrals involving 
the secular determinant. This method yields particularly elegant results when applied to the 
alternating hydrocarbon 2}. It seems that the mathematically important feature of this theory 
is the existence of an operator anticommuting with the Hamiltonian. It is the operator which 
reverses the signs of all the unstarred coordinates while preserving the signs of the starred 
coordinates. The theory of operators which anticommute with the Hamiltonian is discussed as 
well as the theory of those which satisfy more general relations. The electronic spectra and 
bond-orders of a number of alternant hydrocarbons are interpreted by the aid of this theory. 


A digital computor subroutine for the solution of secular determinants: (nantes H. Smrrn, 

Chemistry Department, Louisiana Polytechnic Institute, Ruston, Louisiana. 

Using the LGP-—30 Digital Computor, a subroutine has been developed for the solution of 
secular determinants of order 2 through 32. The subroutine is available in printed form or on 
punched tape. The method of successive approximations is used. The program is so arranged 
that it is unnecessary to store any intermediate numbers at a higher numbers of significant figures than 
those of the data put into the program. Application to the vibrational frequencies of the formamide 


mole cule ws given. 


Normal coordinate treatment for polypeptides in various configurations: Tarsvo Miyazawa, 

Children’s Cancer Research Foundation, Inc., Boston 15, Massachusetts. 

The first order perturbation theory was applied to the normal coordinate treatment for 
polypeptides in various configurations. ‘The amide I and II frequencies were calculated in terms 
of adjacent group interactions as well as interchain and intrachain hydrogen bonding interactions. 
All of these interactions depend upon the configuration of polypeptide chains and also upon the 
chain packing in the crystal. Each characteristic vibration of the peptide group gives rise to 


parallel and perpendicular bands. The amide I band of the « helix at 1650 cm™~ is a composite 


of these two bands. Both the parallel-chain and antiparallel-chain pleated sheets exhibit the 
perpendicular amide I band at 1630 cm. The latter gives the parallel amide I band at 1690 
em™', and the former is expected to show the parallel amide I band at 1650 cem™. Frequency 
differences of the amide I bands of those configurations have been explained in terms of various 
vibrational interactions mentioned above. The « helix exhibits the parallel amide II band at 
1515 em™ and the perpendicular amide IT band at 1545 em™~'. Intensity comparisons of these 
two types of bands allow quantitative estimations of the directions of the associated transition 


moments of each group with respect to the fiber axis. 


Normal coordinate analysis of the planar vibrations of naphthalene: D. E. Freeman and 

I. G. Ross, Department of Chemistry, University of Sydney, Sydney, Australia. 

The 33 planar vibration frequencies of naphtalene, and likewise of naphtalene-ad, and -d,, 
have been calculated using a simple quadratic valence force field with 24 independent constants, 
initially derived, as far as possible, from benzene. Granted many reassignments, compared with 
the none too unanimous concensus of current experimental opinion, these results are encouraging, 
but hardly convincing. Systematic attempts, which are described briefly, have been made to 
force agreement with certain observed frequencies, and some reassignments are suggested on 
the basis of difficulty in doing this. 


fl] Coutson C. A. and Rusnprookxe G. 8., Proc. Camb. Phil. Soc. 36, 193 (1940). 
[2] Covison C. A., Proce. Camb. Phil. Soc. 36, 201 (1940). 
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Potential energy constants and vibrational assignments for ketene:* S. SUNDARAM, Spectroscopy 
Laboratory, Department of Physics, Illinois Institute of Technology, Chicago 16, Lllinois. 


The Raman and infrared spectra of ketene (H,C = CO) had been investigated by several 
authors. While there has been general agreement as to the assignments of the fundamentals 
in the 1100-3200 AK region (K Kayser = wave/cm), considerable difficulty has been ex- 
perienced in the interpretation of the spectrum in the 500-1100 K region. In order to provide a 
correct assignment of the fundamentals for the molecule, a normal coordinate treatment using 
the Wilson FG@ matrix method has been carried out in the present investigation. The correct 
assignments are: a,: 1120, 1390, 2150, 3060; 6,: 545, 942, 3160; and 6,: 588, 916. The cal- 
culation of the rotational distortion constants for ketene and of the wave numbers for D,C CO 
and HDC = CO are nearly completed. 


Electron spin resonance in biochemical and biological systems: Barry Commoner, Washington 
University, St. Louis, Missouri. 


Emission spectra of trapped radicals: H. P. Brorpa, National Bureau of Standards, Washington, 
D.C. 


Electric field effects in vibrational spectra: ©. W. Perers, University of Michigan, Ann Arbor, 
Michigan. 


Monochromator for the vacuum ultraviolet: I. Low resolution monochromator (Seya-Namioka 
type): T. Namioka, Laboratory of Moelcular Structure and Spectra, Department of Physics, 
The University of Chicago, Chicago 37, Illinois. 

Optical properties of the Seya-Namioka monochromator (trade name) are treated mainly 
from the standpoint of physical optics. Astigmatism, spectral line shape, instrumental resolving 
power and optimum grating width will be discussed in detail and, for convenience of practical 
application, numerical results will also be given for the following conditions: 1l-m concave 
grating with 15,000 lines/in. first-order spectra, with ratios of the radius of curvature of the 
grating to the distances between the grating center and the entrance and exit slits, 1-2223 and 
1-2230 respectively, and the angle between the lines connecting the grating center to the entrance 


and exit slits 70°15’. 


Monochromator for the vacuum ultraviolet: II. High resolution monochromator (application of 
off-plane eagle mounting), JT. Namioxa, Laboratory of Molecular Structure and Spectra, 
Department of Physics, The University of Chicago, Chicago 37, Llinois. 

The possibility of constructing a high resolution monochromator for the vacuum ultraviolet 
is examined; the off-plane Eagle mounting is chosen as the most suitable one. Considering all 
optical restrictions arising from an off-plane setting, the resolving power of the grating in the 
off-plane Eagle mounting is calculated numerically for the following conditions: 3-m concave 
grating (5 3 in. ruled area) with 30,000 lines/in. or 15,000 lines/in., 0 to 5800 A in the first 
order and distance of the entrance slit from the Rowland plane 6 cm. In order to have com- 


pactness, a link mechanism introduced by Barr et al. is chosen in the scanning system and a 


tentative design of a 3-m vacuum monochromator will be shown schematically. Therefore, it 
is recommended to use the off-plane Eagle mounting in constructing a high resolution mono- 
chromator for the vacuum ultraviolet. 


On the identification of the 13579 interstellar line: A. E. Doveras and J. R. Morton, Division 
of Pure Physics, National Research Council, Ottawa, Canada. 

The M1 —'!S5 band system of CH* has been excited in a hollow cathode discharge through 
helium containing a trace of acetylene, and has been photographed with a 10-m spectrograph. 
In addition to certain bands already known, the (3-1) band has been observed. From the 
wavelength of the R(0) line of this band and the known value of AG’(1/2), the wavelength of the 


* Aided by a grant from the National Science Foundation. 
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R(0) line of the (3 

measurements the R(0) line of the (3-0) band of CH* coincides with the hitherto unidentified 
interstellar line at 3579-04 A. This agreement, together with the fact that the R(0) lines of the 
(0-0), (1-0) and (2-0) bands have previously been identified in interstellar absorption, leaves 
little doubt that the 3597 A interstellar line does indeed arise from the CH* molecule. The new 
results also indicate that some modification of the previously quoted value of the ionization 


0) band has been determined. Within the accuracy of the preliminary 


potential of CH may be necessary. 


Internal conversion in polyatomic molecules:* Ronis M. Hocusrrasser, The University of 
British Columbia, Vancouver 8, Canada. 


It has recently become evident that the fluorescence yields of many molecules depend on 
which electronic state of the molecule is initially excited [1,2]. Such an effect may be due to a 
variety of causes although the most attractive of these involves intersystem-crossing between 
upper electronic states. Work is underway to examine the phosphorescence yield as a function 
of the exciting light energy and polarization for a few of these anomalous cases. Data on some 
arylethylene derivatives, anthracenic compounds and tetracene will be presented. 


The nature of the chemical bond according to a rigorous analysis of the molecular energy: 
Kiavs RvEDENBERG, Department of Chemistry, lowa State College, Ames, Lowa. 


Since expansions in terms of atomic orbitals have been found to be effective means for 
constructing molecular wavefunctions, they are expected to have physical significance, and it 
is desirable to extract from them interpretations of molecules in terms of atoms and bonds. 
An interpretation is proposed which fulfills the following requirements: it contains no approxi- 
mations; it is independent of the particular procedure used for expressing many-electron 
wavefunctions and therefor applicable to exact and approximate solutions: it is based on 
molecular energies rather than on electronic distributions. It has been shown that the energy of 
a molecule can be rigorously partitioned into the sum of the following fragments: 


1) the valence state energies of all atoms: 


2) the energies for the “shielded repulsions”’ between all atoms, each in its valence state; 


the energy of electron sharing: 


4) the ove rlap interaction energies in all bonds; 


5) the charge displacement effects: charge-tranfer energies and ionic attraction energies: 
6) the bond repulsion energies 


The derivation is based on the density-matrix formalism. Numerical values are given for 
approximate wavefunction of some small molecules. 


Some recent studies of the absorption spectra of free radicals using a new flash photolysis apparatus: 
J. W.C. Jouns and D. A. Ramsay, Division of Pure Physics, National Research Council. 
(Mtawa, Canada. 


A new flash photolysis apparatus is being constructed in which a 30,000 J bank of condensers 
» be discharged through two photolysis flash lamps each 1m long. The absorption tube is 
long and contains a series of mirrors capable of giving up to 80 traversals of the tube. 
Preliminary experiments have been carried out with a single photolysis lamp and discharge 
energies up to 10,0007. Using path lengths of 40 m, considerably stronger absorption spectra 
have been obtained than have previously been reported [3]. The NH, spectrum which had 
previously been observed in the region 4000-8300 A has now been extended to 9400 A in the red 
and to 3500 A in the violet Improved spectra of ND, have also been obtained. The HCO and 
DCO spectrum reported by Herzperc and Ramsay [4] has been considerably extended. All three 
* Contribution from the Department of Chemistry, The University of British Columbia, Vancouver, 
B.C. Research supported by the National Research Council of Canada 
1} Fercvuson J. To be published 
2} Hocusrrasser R. M. To be published 
3} Ramsay D. A., Mem. Soc. Roy. Sci. Liege 18, 471 (1957 
Herznercs G. and Ramsay D. A., Proc. Roy. Soc. (London) A 238, 34 (1955) 
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vibration frequencies in the excited state have now been obtained and in addition “hot”? bands 
arising from the bending vibration in the lower state have been observed. The molecular 
constants of HCO and DCO will be discussed. 

A new spectrum has been observed in the region 2900 A—3200 A during the flash photolysis 
of CH,NH, and isotope shifts have been observed with CH,ND,. The spectrum has also been 
observed during the flash photolysis of NH,.CH,.CH,.NH, and is tentatively assigned to the 
CH,NH, radical. 


The electronic spectrum of azulene: (:. KR. Hun and I. G. Ross, Department of Chemistry, 
University of Sydney, Sydney, Australia. 


The 7000 A and 3500 A absorption systems in azulene (C,,H,) have been studied in some 
detail and correlated with polarized infra-red measurements. The first system is weak, diffuse 
and polarized along the short molecular axis; the 75 bands observed in the vapour are attributed 
to 7 totally symmetric fundamental vibrations. The second system (long-axis polarized) is both 
stronger and sharper. Of 180 vapour bands, 85 per cent are assigned using 11 upper state 
vibrations, some of them short-axis polarized, and 5 low difference frequencies which are 
provisionally identified. Various fluorescence and condensed-phase absorption studies were 


also made. The observations appear to confirm PARIsER’s and Morritt’s predictions concerning 
the nature of the excited states. 


Pressure and solvent effects on the absorption spectrum of azulene:+ W. W. Ropertson, 
O. E. We1cane, Jr. and A. D. Kine, Jr., Department of Physics, The University of Texas, 
Austin 12, Texas. 


Calculations by Pariser{1] have shown azulene to have excited state dipole moments 
opposed to that of the ground state. If so, one might expect polar solvents to shift the azulene 
absorption spectrum to shorter wave-lengths and the compression of such solutions to result in 
additional blue shifts. To test these ideas the spectrum of azulene has been recorded in both 
polar and nonpolar solvents at temperatures down to 80°C and at pressures up to several 
thousand atmospheres. For comparison the spectrum of naphthalene was recorded under similar 
conditions. 

tesults are only partly as anticipated. The three azulene transitions, 'L,, 11, and 'B,, 
shift to the blue upon solution in polar solvents. However, upon compression the 11, and 'B, 
bands undergo progressive red shifts with increasing solvent density. The !L, shows a blue shift 
from vapor to solution in nonpolar solvents and an additional blue shift with increasing optical 
polarizability of the solvent or with increasing solvent density. Upon decreasing the temperature 
of the polar solvent, the rate of red shift with solvent density is less for the ly, and 'B, than in 
the compressed solvent, as is the rate of blue shift of the 1L,. The characteristic rates of shift 
of the various transitions with solvent density tend to verify PARisER’s assignment of the band 
falling at 4-05 eV as a separate transition from the !B,,. 


The present status of the vibronic analysis of the visible n -- x* band systems of s-tetrazine vapor: = 
GLEN H. Spencer, Jr.,§ Department of Chemistry, Harvard University, Cambridge 35, 
Massachusetts. 

The red color that visually characterizes a room temperature assembly of s-tetrazine (C,H,N,) 

molecules is thought to be the collective, chromatic consequence of the lowest singlet n—> 7* 


transitions. Using the third diffraction order of a 21-ft grating spectrograph, vapor path lengths 


+ This research was supported by the Air Force Office of Scientific Research, ARDC, Contract AF 
49(638)-35 

+ Supported by the National Science Foundation and in collaboration with Prorressors P. C. Cross 
and K. B. Winerc under Air Force Office of Scientific Research, Air Research and Development 
Command, Contract AF 18(600)—1522 with the University of Washington, Seattle 5, Washington 

§ National Science Foundation Postdoctoral Fellow, Harvard University, 1958-59; after September 
15, 1959, at Department of Chemistry and Chemical Engineering, Stanford University, Stanford, 
California. 


1) Pariser R., J. Chem. Phys. 25, 1112 (1956) 
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from 0-05 to 48 m, and vapor temperatures from —70 to 70°C, we have photoelectrically recorded 
spectra s-tetrazinm Vapor freq ences of 514 ot the best re solved ab 


sorption peaks were measured to within one em™ in the region 4500-6100 A. The outstanding 


featur ft the visible spectrum is a set of four vibronic band progressions, each of which is 
propagated by the consecutive excitation of the same fundamental vibration. This vibration. 
i» mit be the totall evimmetrc mode 6a, has a a ind electronic stats froque nev of 737 
and * for le and s-tetrazim tively in the States, these 
frequencies drop to about 700 and 690 cem™', respectively Although a successful vibronic 
analysis has not t been obtamed, the presence of three relatively intense n-—- «* singlet tran 
sitions that are electronically forbidden by molecular svmmetry as well as the allowed 'B, > A, 
transition is strongly suspected Pheoretical studies pertaining to the electronic-vibrational 


interaction of the lowest singlet, almost accidentally degenerate, n —- 2* states of the azines have 


been nitiated and will bn cliscussed in termes of simple MO theory 


Calculations on the forbidden character of allowed transitions in benzene derivatives: A x one,s ( 
Acerecut, Department of Chemistry, Cornell University, Ithaca. New York. 


Phe Herzberg—Teller theory for the intensities of svmmetry forbidden transitions has been 
applied to calculat forbidden" intensities of the allowed transitions in p-disubstituted benzene 
derivatives. The necessary normal coordinate analysis has been made of a model p-disubstituted 
benzene derivative With this the first-order vibrational perturbation, which mixes the equi 


librium configuration electronic states, has been worked out It is found that the seemingly 
large (~25 per cent of total intensity) forbidden component previously reported for the low 


energy band of two derivatives can in fact be expected. The two low energy excited states mix 


with a very favorable energy denominator In addition, it is found that the matrix elements 
which couple the B, B, In) states contain components which may interfere constructively 
or destructively depending on which of the several B... B,, states are involved 

Phese calculations suggest that in general close lying allowed transitions should show mixed 
polarization (forbidden character) whose magnitude shall ce pend in an informative way on the 
detailed nature of the wave functions 


Interchange of orbital excitation types of the lowest electronic states of 2 ring N-heterocyclics by 
solvation: Mostara Amr Et Savyep and M. Kasua, Department of Chemistry, Florida 


State University, Tallahassee, Florida 


In the one ring N-heterocyclics, e.g. pyridine and the three diazines, the lowest singlet 


electron states are (nue tvpe) and are clearl) separat from the states 


In the two ring N-heterocyclics, the situation appears to be quite different. In the diaza- 
naphthaienes (quinoxaline and phthalazine . the 1,4- and 2.3 diazanaphthak ne respective ly), 


the lowest singlet state is a clearly resolved (n.c*) state !2 


However in the case of quinoline 


and s#oquinoline l- and 2-azanaphthalene respectively . the lowest singlet state appears to be 


of the (r,7*) type. Solvent dependence of the emission spectra proves this to be not the case 

The total emission spectra of quinoline | unoline and quinoxaline wert COTM pare d with 
those of naphthalene and 2-chloronaphthalene, all studied in both hvdroxvlic and nonhvdroxvlic 
rigid glass solutions at 77 K. The fluorescence/phosphorescence yield ratios of naphthalene and 
chloronaphtalene were independent of solvent. For quinoline and isoquinoline, the ratio 


increased ure atly ina hvdrox Vii solve mt; ac tually . quinoline showed only a strong phosphores- 
cence in hydroxylic solvent. For quinoxaline, only phosphorescence was observed in all solvents, 
as expected tor a molecule with clearly separated lowest singlet state of (n,+*) type. 


lhe above results can be interpreted as involving the interchange of the lowest 1W (n,r*) 


Phis research was carried out under a contract between the Office of Naval Research and the Florida 
State University 


1] Stroman J. W., Chem. Rev. §8, 704 (1958 
2 Hirer R. C., Kove F. T. and ¢ AVAGNOL J.C... J. Chem Phus 25, 374 (1956). 
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and 'L, (,7*) states in the quinolines upon the formation of hydrogen bonded complexes. 
Such a possibility has been proposed for chlorophyll by several authors [1,2]. The qualitative 
features are confirmed by the vapor spectrum studies of quinoline by MataGa et al.{3] who found 
evidence for a lowest 'W state. 

In all of the cases studied the phosphorescence is shown to be from a “L, state. The mean 
lifetimes of the phosphorescences were measured and found to be in the order naphthalene 
quinoline ~ ésoquinoline quinoxaline, which can be understood by the expected differences of 


spin-orbital interactions in these molecules 


Some magnetic consequences of the spectral properties of rhenium hexafluoride: Gorpown L. 


GoopMAN, Argonne National Laboratory, Lemont, Illinois. 


Energies occurring in the spin Hamiltonian which describes the lowest four electronic states 


of octahedrally symmetric ReF, are predicted on the basis of the recent assignment [4] of this 


molecule’s optical absorption spectrum in the gas phase. 


Exciton-type splitting of electronic states in hydrogen-bonded molecular dimers of N-heterocyclics: 
M. Asurar Ev Bayoumiand M. Kasua, Department of Chemistry, Florida State University, 
Tallahassee, Florida.* 

The excition theory of FRENKEL has been greatly extended by Davypov [5.6.7], to molecular 
crystal interactions and to intramolecular interactions in composite molecules (biphenyl and 
p-polyphenyls). 

Molecular dimers of two main types have been studied recently and found to exhibit a very 
large electronic term splitting. 

London-force dimers of dye molecules have been studied experimentally by numerous authors. 
The monomers are arranged essentially in parallel planes in the dimer, and invariably, mainly 
a blue-shift of the strong dipole-allowed transition of the dye is observed, amounting to 1000 

5000 em=?. Simpson et al 8], applied the exciton ty pe of treatment to this problem A general 
extension to London-force polymers of dye molecules has also been made [9], and general 
selection rules presented 

Hydrogen-bonded dimers of N-heterocyclic molecules present unusual interest from several 


points of view. The intermolecular hydrogen bonds cause the monomers to form a co-planar 


dimer in some cases. Depending on whether the transition moments of the monomers are 
perpendicular or parallel to the dimer axis, a blue shift or red shift, respectively, is expected to 
be observed; or, a splitting into two components is expected if the monomer transition moments 
are oblique to the dimer axis Dimers of imidazole, benzimidazole, NN diphenylformamidine 
and 3, 6-diaminoacridine have been studied in solution at room temperature. The results are in 
general agreement with an exciton-type of interaction. For example, for the last molecule, the 
two lowest transitions of the monomer are mutually perpendicularly polarized, and the blue 
shift of 2600 cm~! and a red shift of 1400 em~! for the two respective bands upon going from the 
monomer to the dimer ave qualitatively in accord with theory. 

Dimers involving purines, and certain mixed dimers, are also under investigation. Such 


hydrogen-bonded dimers of N-heterocyclic molecules are of great biological importance, e.g., 


* This research was carried out under a contract between the Office of Naval Research and the Florida 

State University. 

fl] Pratt J. R., Radiation Biology, (edited by A. HOLLAENDER) p. 71, MeGraw-Hill, New York (1956). 

{2) Becker R. 8S. and Kasna M., The Luminescence of Biological Systems (edited by F. H. Jonnson) 
p. 25 American Association for the Advancement of Science, Washington, D.C. (1955). 

[3] MaTAGA N., Karrvu Y. and Korzumi M., Bull. Chem. Soc.. Japan, 29, 373 (1056) 

[4] Morritrt W., Goopman G. L., Frep M. and Weinstock B., Mol. Phys. 2, (1959). 

[5| Davypov A. 8., Zhur. Eksptl. Teoret. Fiz. 18, 210 (1948). 

[6] Davypov A. 8., Zhur. Eksptl. Teoret. Fiz. 18, 515 (1948). 

[7|} Davypov A. 8., Theory of Light Absorption in Molecular Crystals, Academy of Sciences, Ukrainian 
S.S.R., Kiev, 1951 [Translation by M. Orprenneimer, Jr. and M. Kasna, 172 pp. McGraw-Hill, 
New York (In press). 

Levinson G. S., Simpson W. T. and Curtis W., J. Am. Chem. Soc. 79, 4314 (1957) 
McRae E. G. and Kasna M., J. Chem. Phys 28, 721 (1958). 
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they occur as the fundamental core of structure of nucleic acids. The role of the dimers as energy 


transfer agents is strongly suggest« d by the spectroscopic results. 


Spectro- and magneto-chemistry of AU(II) and W\V) complexes and their homologues: Avnorew 
D. Lieur, Bell Telephone Laboratories, Inc., Murray Hill, New Jersey. 


If ionic spin-orbital forces are weak, electronic motions in inorganic complexes are governed 


primarily by the electrostatic coercions of the surrounding ligands, whilst the presence of feeble 


coulombic directives, but robust spin-orbit correlations dictates « lectronic trajectories which are 


only slightly modified over those characteristic of the free ion. Electronic itineraries of both 


types have been exhaustively discussed, in the past thirty years, within the framework of the 
Bethe-Kramers-Van Vieck theory of crystalline fields. However, the rather more esoteric 
situation in which the spin-orbital and addend field potentials are of comparable magnitude does 


not seem to have received as thorough a consideration In this report an account will be given 


of the optical and magnetic properties expected of d", (n 1, 9), molecular systems, in several 


geometries, which exhibit equi-energetic spin-orbital and augend field interactions, and will 


bn app! ed. where observational data is extant. to the transition metal comple xes of the third 


and fourth group. An experimental prospectus is outlined in the hope that such will stimulate 


future research into this somewhat neglected domain. 


Gauge dependence in a perturbation theory calculation of the diamagnetic susceptibility and 
magnetic shielding constant of a hydrogen atom: Lawrence ©. Syyper,* Department of 
Chemistry, Carnegie Institute of Technology, Pittsburg, Pennsylvania. 


The perturbation theory based on methods of Van Vieck and Ramsey for computing the 


magnetic susceptibility 7,, of a molecule and the magnetic shielding constant ay at ry have been 


applied to the hydrogen atom. The gauge of the vector potential A, (rp, ry) has been chosen so 
that the troublesome “paramagnetic terms are non-zero In the computation of terms it is 
found that the continuum functions aré required to compute about 50 per cent of the * para- 
magnetic’ terms for both 7, and oy: the continuum functions are found relatively more 
important in computing cy. The first interacting discrete excited state function contributes 
about 70 per cent of the contribution of all discrete state functions to the “paramagnetic” terms 


A general sum rule has been applied in conjunction with an “average” energy Eyes: 
j 


of or dy 
for the excited state functions to estimate the paramagnetic terms of oy. It is found that 


agreement of the estimate with the true value is only obtained if £),. is a function of ry which 


Increases as ry be« small. 


Magnetic rotation spectra of NO in the 1-8 and 2-7 wregion*: (iten~ A. Mann and C. D. Hause, 


Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan. 


Magnetic rotation spectra have been obtained for the second overtone (3-0) and a portion 
of the first overtone (2-0) bands of NO. These spectra are the radiations transmitted through 


crossed polarizing elements when the radiation traverses the gas parallel to a magnetic field in 


which the NO sample is placed. Suitable pressures and absorbing paths were obtained by 
placing the gas in a multiple traverse cell of the White type, this in turn being placed in the 
central third of an air-cooled solenoid. Fields of 2400 G were used. The magnetic rotation 


spectrum is quite analogous to the ordinary absorption spectrum. NO deviates from pure case 


(a) coupling with increasing rotation and as a result the "II, , State acquires sufficient magnetic 


characteristics to show a magnetic rotation spectrum. Rotation spectra are observed for both 
the “Tl, “II, and “TI, “II, , transitions. Observations show that the P, Q and FR branches 
for the *II,,, transitions are rotated in a negative sense (counterclockwise looking against the 


incident light). The branches for the “II, , transitions all show a positive rotation. 


* National Science Foundation Predoctoral!l Fellow, 1953-54, 1056-58. 
* Supported by the National Science Foundation 
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Infrared spectrum and force field of nitrosyl chloride:* LL. Lanpav, Chemistry Division, Oak’ 
tidge National Laboratory, Oak Ridge, Tennessee, and W. H. FLercuer, University of 
Tennessee, Knoxville, Tennessee. 


The infrared spectrum of CIN"O has been recorded with a prism spectrometer and the 
spectrum of CIN™O has been re-examined for comparison. The anharmonic constants and zero- 
order frequencies have been determined. An investigation of the force field indicates that van 
der Waals repulsion between chlorine and oxygen is primarily responsible for the off-diagonal 
elements of the / matrix. 


Rotation vibration spectrum of HCN: D. H. Rank, G. Skorinxo, D. R. P. Eastman and 
T. A. Wieerns, The Pennsylvania State University, University Park, Pennsylvania.+ 


More than 40 bands of the HCN molecule are available for performing the vibrational 
analysis. About 20 of these bands in the 1-1-3-0 ” region, some of which have been observed 
for the first time, have been measured or remeasured. Q branches for most of the perpendicular 
bands have been resolved, allowing a precise determination of the band origins. It has been 
necessary to make use of the ten y;,, coefficients to perform a satisfactory vibrational 
analy SIS. 

A number of cases of Fermi resonance have been observed. Several of these perturbations 
can be calculated from the observed anomalous B values. The B values have shown that it is 
necessary to introduce the six y terms into the expression for B,. 

More than a dozen HC™N bands have been observed and measured. 

It has been possible to obtain a very precise frequency for the fundamental band (0170-000) 
by application of the Ritz Combination principle to the near infrared harmonic bands. Five 
independent determinations of this band frequency have been obtained for HC'™N and three for 


HCEN, 


Some infrared bands of N.O and CS,: 8. A. CLoven, D. E. MeCarruy and J. 8. Garine, 
Geophysics Research Directorate, Air Force Cambridge tesearch Center, Bedford, 
Massachusetts. 


Two previously unreported N,O bands have been analysed: 03!0-000 and 04°0-000. The 
values for the band centers of these bands allow a more direct calculation of the constants in the 
quadratic expression for the energy. Fermi resonance has been taken into account in this 
calculation and values for the coefficients will be presented. 

Two CS, bands have also been observed: OO1-100 and 001-000. In the latter case cooling 


was utilized to reduce the effect of “hot’’ bands. Constants for the levels involved will be 


presented, 


The 3v., band of C!*§°°§*4; Arruur H. Guentuer, Physics Division, Research Directorate. Air 
Force Special Weapons Center, Kirtland Air Force Base, New Mexico.* 


At the 1957 session of the Symposium on Molecular Structure and Spectroscopy, GUENTHER 
et al. {1|, presented a detailed analysis of the 3v, and vr, BV v, bands of ordinary carbon 
disulfide. Further analysis of the original spectra has made it possible to evaluate the molecular 
constants of the 3v, band of the isotopic molecule C'S**S*4, It is believed that this is the first 


resolution and analysis of the rotational structure of C!S*®*S*4 in the infrared region. The 


* This paper is based on work performed for the U.S. Atomic Energy Commission by Union Carbide 
Nuclear Company. 

+ This research was assisted by support from Contract Nonr-656(12) NR 019—401 of the Office of 
Naval Research. 

4 The spec trum was recorded at the Sper troscopy Laboratory, Physics Dept , of the Pennsylvania 
State University, University Park, Pennsylvania 


{1| Guentuer D. H., Wiaerns T. A. and Rank D. H., J. Chem. Phys. 28, 682-687 1958. 
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results are consistent with the relations governing the effect of isotopic substitution on the 


molecular constants. The values obtained in em™! are: 


0-20970, 0 00069, 
0-00207 4 4556-553 


4B 

010381, 1-12 los 
(Mio ) 


0- 10588, 4 1-554, em 


The infrared absorption spectrum of methyl iodide in the 2°3 micron region:* HK. G. Brown and 


T. H. Epwarps, Michigan State University, East Lansing, Michigan. 


This region was found to contain several overlapping perpendicular bands. On the low 


frequency end rv, vy, has been identified and analysed using lines in the P and R series of the 


sub-bands observed under high resolution (~ 0-07 em~!). Molecular constants obtained are, in 
B 0-25018, B 024898, D,- 0-000056, and A 5-095, 0-052, 4302-15 
assuming 4 5-104. On the high frequency end there are several more superimposed perpen- 
dicular bands. Anomalies in the spacing, intensities and shapes of the Q branches indicate the 


possible presence of perturbations. 


The infrared spectra of the cis- and trans-isomers of N,F,:* Russert H. Sansporn, Ernest O. 

Lawrence Radiation Laboratory, University of California, Livermore, California. 

The infrared spectra of the cis- and trans-isomers of N,F, in the gaseous state have been 
measured in the NaCl, KBr and CsBr regions. A normal coordinate treatment using the Wilson 
FG matrix method has been performed to evaluate the potential constants. The results, coupled 
with the observed spectra, serve to confirm the proposed structures of the two isomers. 


Bending vibrations in Group II dihalides: Zinc halides: ALrrep Bicuier,t Department of 


Chemistry, Harvard University, Cambridge, Massachusetts. 


The bending vibrations of gaseous ZnCl, and ZnBr, have been observed in the cesium iodide 
regions at 295 and 225 ¢m a spectively. The ratio of the bending to the stretching force 
constants in these molecules is about | : 6 and is thus of the same order of magnitude as in the 
beryllium and magnesium halides[{1]. The interpretation of the bending force constants of the 


Group IIL dihalides will be re-examined in the light of recent theoretical discussion [2,3]. 


The orders of magnitude of the various corrections to the vibration-rotation energies of polyatomic 
molecules: Gitbert Amat, Laboratoire de Chimie Phy sique, Faculté des Sciences de Paris, 
France, and HARALD H. Nre_seNn, Department of Physics and Astronomy, The Ohio State 
University, Columbus, Ohio. 

It is customary in arriving at the vibration—rotation energies of a molecule to expand the 


Hamiltonian in orders of magnitude 


H =H, +H, 


and then carry out a perturbation calculation to successive approximations. 

The manner in which the various operators have been grouped to form the Hamiltonian of 
successive orders zero, one, two, etc., has varied from one author to another and the results 
obtained for the vibration—rotation energies differ somewhat in appearance. 


* Supported by the National Science Foundation (Grant NSFG—5959). 
+t This work was performed under the auspices of the U.S. Atomic Energy Commission. 
> On leave from Arthur D. Little, Inc., Cambridge, Massachusetts. 
1| BiUcuier A. and KLemprerer W., 1957 Symposium, J. Chem. Phys. 29, 121 (1958). 
(2) Berry R. S., 1958 Symposium; J. Chem. Phys. 30, 286 (1959); erratum, ibid., (in press) 
{3|) Kremeerer W., J. Chem. Phys. 30, 594 (1959). 
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We have studied, systematically, to what order the various terms of the Hamiltonian 
contribute: (a) when the rotational quantum numbers J and K are small (as is generally the 
case in the transitions observed in the microwave region) and (b) when J and K take large 
values (as is generally the case when one considers the rotational structure of bands in the 
infrared, the visible and the ultraviolet). 

This study refers to the elements which are diagonal and nondiagonal with respect to K, 
l,, ly ... and permits the classification of the different terms figuring in the expression for the 
energy, E,,., or in the expression for the frequencies, »v, corresponding to transitions of a given 
type (the relative importance of various terms may be different in EF, and in v) according to their 


order of magnitude. 


Generalized orbital angular momentum and the N-fold degenerate quantum-mechanical oscillator: 
James D. Louck, Los Alamos Scientific Laboratory, Los Alamos, New Mexico. 


Computation of asymmetric rotator constants from energy moments: Pau. M. Parker, Michigan 
State University, East Lansing, Michigan, and L. Cartron Browy, The Ohio State 


University, Columbus, Ohio. 


Dipole moment function of diatomic molecules: HaAro~p Sauwen, Harvard University 
Cambridge, Massachusetts, and Joun TriscuKa, Syracuse University, Syracuse, New York, 


The Raman spectrum of gaseous CH,D: 8S. Bropersen,* E. H. Richaroson and L. Krause, 

McLennan Laboratory, University of Toronto, Toronto 5, Canada. 

The rotation-vibrational Raman spectrum of gaseous CH,D has been photographed with a 
reciprocal linear dispersion of 3-5 em ~!/mm and a practical resolving power of 0-4 em~! 
The spectrograms were obtained with 1-61. of the gas at atmospheric pressure and exposure 
times of 8—32 hr. 

In the 2800-3250 em~ region 325 lines were measured; these lines belong chiefly to the 


doubly degenerate vy, band on which the totally symmetric », and 2y, bands are superimposed. 
Since the selection rules for the vy, band are AK 1, +2,and AJ = 0, +1, +2, the rotational 
structure is rather complicated. The use of an electronic computer in analysing such a band 


will be described. It is interesting to note that transitions corresponding to AK 0 appear, 
although they are forbidden by the selection rules. The influence of the Fermi resonance on the 


rotational structure of Vy and 2v. will be discussed. 


Infrared and Raman spectra of methylenecyclopropane: J. Buaut and J. 
Taytor, McPherson Chemical Laboratory, The Ohio State University, Columbus, Ohio 


The infrared and Raman spectra of methylenecyclopropane have been studied. As an aid 
in the assignment of the vibrational frequencies an analysis of the normal modes (exclusive of 
the CH stretching modes) has been carried out, using force constants transferred from ethylene, 
isobutene, and spiropentane. In this highly strained molecule a double bond is attached directly 
to the 3-carbon ring. The strong infrared bands at 890 em~! and 1032 em”! characteristic of 
the methylene CH, group and the cyclopropane ring, respectively, are observed. However, there 
is no significant infrared absorption or Raman displacement in the region of the normal double 
bond stretching frequency (1660 em~! for asymmetrically disubstituted ethylenes). Both the 
normal coordinate calculations and the Raman spectra indicate that in methylenecy: lopropane 
the carbon double-bond stretching frequency lies in the neighborhood of 1800 em. The 
abnormally high value of this frequency is a result of kinetic interaction between the double 
bond and symmetric ring stretching modes rather than an increase in the force constant for the 


double bond. 


* On leave of absence from the University of Copenhagen. 
+ Present address: Applied Physics Laboratory, Johns Hopkins University, Silver Springs, Maryland. 
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Vibrational assignments of trifluoroacetic acid and derivatives: K. bE. Ropinson, Shell Oil 
Company, Research Laboratory, P.O. Box 2527, Houston 1, Texas, and R. C. Tay tor, 
Dept. of Chemistry, The University of Michigan, Ann Arbor, Michigan. 


The Raman spectra of trifluoracetic acid, the trifluoracetate ion, methyl trifluoroacetate 
and also trifluoroacetamide and its N-methyl derivatives have been observed in the condensed 
phase either as pure liquids or as aqueous solutions. Assignments of the fundamental vibrations 
of trifluoroacetic acid and trifluroacetamide have been aided by spectra obtained of the deute- 
rated compounds. Results of the qualitative polarization study for deuterated trifluoroacetic acid 
suggest a low order of symmetry. A similar conclusion for trifluoroacetic acid based on the 
latter's polarization data is less certain owing to the presence of several highly depolarized bands. 

The great similarity of the trifluoroacetate ion to the isoelectronic CF,NO, molecule is 
illustrated by a comparison of their respective vibrational assignments. Fundamental frequencies 
of methyl trifluoroacetate and the corresponding N-methyl! trifluoroacetamides have been 
assigned using recent literature data for the corresponding nonfluorinated compounds in addition 


to the assignments proposed for the parent compounds. 


Raman and infrared spectra of N.O,:* (|. M. Beeuy, Chemistry Division, Oak Ridge National 
Laboratory, Oak Ridge, Tennessee, and W. H. FLetcuer, University of Tennessee, Knoxville, 
Tennessee. 

The Raman spectra of liquid and solid N,“O, and N,”O, have been examined at 35°C 
using a Cary Model 81 Raman spectrophotometer. Measurements have been made of the 
ISOTOPIC shift of the observed bands. Infrared measurements have also been made of the bands 
of gaseous and liquid No ), and N,’ ’O, using CsBr, NaCl and CaF, prisms. Assignments have 
been made of the observed bands and these assignments will be discussed in the light of the 


isotopic product rules involved. 


Infrared and Raman spectra of chromyl chloride: For A. Geratp L. CArLson and 
Wittiam B. Wurre, Mellon Institute, Pittsburgh 13, Pa. 


The infrared spectrum of CrO,Cl,, a deep red liquid, has been measured from 120 to 3000 em=!. 


Six Raman lines have been obtained by excitation with the D lines of potassium. The funda- 
mental frequencies are, for C,, symmetry: a, O81, 465, 356, 140; a, 224; b, 995, 211; 
b, $96, 257. The results agree well with the very recent work on the Raman spectrum by 


STAMMREICH, Kawal, and 


Pure rotational Raman spectrum of dimethyl mercury: K. Rao and B. P. Srorcuerr, Division 
of Pure Physics, National Research Council, Ottawa, Canada. 

The techniques of high resolution Raman spectroscopy were used in an investigation of the 
rotational spectra of Heit H,), and Hai D,).. The spectra were photographed in the second 
order of a 21-ft grating (6-7 em~'/mm). Lines of the 8 branches with J up to about 100 were 
observed: their spacing is about 0-46 em™! for the lighter molecule and about 0-36 em! for the 
deuterated species. An analysis gave the values B, 01162 and 0-0912 em! and J°®p (240-9 

4)» 10°" and (306-9 07) 10°" gem? for Hg(CH,), and Hg(CO,), respectively. 


The internuclear distance r(C—Hg) was determined to be 2-094 0-005 A. 


Raman and Brillouin spectra of vitreous silica: Bb. P. Srorcnerr, P. Fuuspacuer, A. J. Leap- 
BETTER and J. A. Morrison, Divisions of Pure Physics and Chemistry, National Research 
Council, Ottawa, Canada. 

The heat capacity of vitreous silica in the region 7 20°K is very much larger than that 
observed for simple crystals. In order to interpret this unusual behaviour some spectroscopic 
studies have been made 


The Brillouin spectrum excited by (2536-5 of Hg 


198 


was photographed in the third order of a 


* This paper is based on work performed for the U.S. Atomic Energy Commission by Union Carbide 
Nuclear Company. 
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35-ft grating. Lines due to scattering by longitudinal waves were observed, together with much 
weaker lines attributed to transverse waves. Their frequency shifts from the exciting line are 
1-68 and 1-04 em™! respectively. The shifts give directly the frequencies of the Debye waves 
producing the scattering namely, 5-03 x 10" sec~! and 3-12 10 sec-!, Their velocities are 
in excellent agreement with the values determined by acoustic methods at a frequency of 10° 
1 


sec These results show that dispersion of lattice waves in vitreous silica is not significant up 


to frequencies of about 5 10! sec, 

The Raman spectrum excited by Hg 2537 was photographed at low dispersion and in the 
fourth order of a 21-ft grating. Its most prominent feature is an intense continuum starting 
below 8 em™! and extending to about 560 em~! where it has a sharp cut-off. These results give 
direct evidence for low frequency optical modes whose presence can account for the observed 


heat capacity. The origin of the spectrum is still a matter for speculation. 


Hyperpolarizability and forbidden Raman lines: J. ©. Decius* and Joun Raven, Department 
of Chemistry, Oregon State College, Corvallis, Oregon. 
The familiar selection rules for the Raman spectra of gases are based upon the symmetry 
properties of the first term in a power series expansion of the induced electric moment as a 
function of the local electric field. This theory is extended to include the second term in such a 


power series, 1.e. 


where « is the induced moment and F is the local field. By considering the transformation 
properties of / for various molecular symmetries and by assessing the relative importance of the 
terms in J’ due respectively to the exciting illumination or to neighboring molecules in the con- 
densed state, a large variety of “forbidden” transitions can be predicted. Depolarization 


factors have been evaluated and related to previous experimental studies of CO,, CS,, C,H, ete. 


Raman effect of high pressure gases: A. 1). May, J. C. StryLanp and H. L. Wetsu, McLennan 

Laboratory, University of Toronto, Toronto 5, Canada. 

A cell has been designed for studying Raman spectra of gases under pressure, in the range 
100-3000 atm. A high resolution grating spectrograph has been used to photograph the 
rotational and vibrational bands of H,, the vibrational line of N, and the v, line of CH,. Since 
isotropic scattering does not show ordinary collision broadening, the shifts and broadening of the 
@ branches of totally symmetric vibrations can be interpreted in terms of perturbations of the 
vibrational frequencies by intermolecular forces. For the vibrations studied the maximum of the 
@ branch at first decreases to a minimum value and then increases as the density of the gas 
increases. Thus, for H, the frequency perturbation has a minimum value of —0-6 cem~ at arelative 
density of 275, and increases to 1-9em~! at a relative density of 800. For the heavier gases 
the frequency perturbations are greater. The broadening of the lines is usually of the same order 
of magnitude as the shifts of the maximum. The significance of these results will be discussed. 


Raman intensities of the A, lines of oxyanions in aqueous solution: ‘:. W. Cuanrry and R. A. 

PLANE, Department of Chemistry, Cornell University, Ithaca, New York. 

The trace of the derived polarizability tensor has been measured, on an absolute scale, for 
the ions ClO,~, SO?Y-, PO, NO,~, and CO,?~. From these and the known normal coordi- 
nate matrix elements, the values of the derivative with respect to bond length have been 
calculated. These are discussed in terms of bond orders. 


The effect of molecular interactions on NMR reference compounds: Mowry D. Becker, National 
Institutes of Health, Bethesda, Maryland. 


A study has been made of the effect of molecular interactions on the proton magnetic 
resonance (PMR) frequencies of cyclohexane and tetramethylsilane, two compounds that are 


* Alfred P. Sloan Research Fellow. 
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frequently used as internal references for PMR investigations. In most of the cases studied the 
resonance frequencies of these compounds shifted 1—4 c/s (at 40 Me/s) when the composition 
of solutions containing the compounds was varied over a wide concentration range. The presence 
of hydrogen bonding molecules did not cause appreciably larger interaction effects than were 
found for hydrocarbon-CCl, solutions, but benzene at high concentration caused interaction 
shifts of 15-17 e/s. 


Line shapes for paramagnetic ions in solution: RK. Srernen Berry, Department of Chemistry, 
University of Michigan, Ann Arbor, Michigan. 


Che paramagnetic resonance absorption curve for transition metal ions in solution frequently 
grows narrower ¢ temperature of the solution is raised. This has been attributed by various 
authors to rotational narrowing due to the motion of the paramagnetic ion and its strongly 
associated nearest neighbors. We present a method for calculating the resonance line shape 
itself for such strongly interacting systems. The method involves averaging the angular depen- 
dence of each component of the line, with the average taken over the time of passage of the 
incident photon. The parameters appearing in the expression for the spectral density are the 
line width for the gaseous ion (or the ion in a single oriented crystal), the magnetic crystal field 
splitting parameter and the rotational diffusion coefficient of the tumbling species. The treat 
ment is applic d to the case of the ®S ions Fe®” and Mn? 


Proton magnetic resonance spectrum of 2-chloropropene: and J. H. GoLpsrern, 


Department of Chemistry, Emory University, Atlanta 22, Georgia 


The general analysis of N proton systems, type ABX y ,, is nicely illustrated by 2-chloro 
propen 1X.) in different solvents Che spectrum in “inert solvents” is difficult to analyse 
vinyl proton shifts, but can be treated by determinations cf the 
mstants in other media 


ent of the 


owing t the proxumit 


This te« hniq 1¢ can also be used to ascertain the ge ometrical 
vinyl proton parameters provided the nature of the medium effects is properly 
d. Applied to the present case, a stronger long-range coupling with the vinyl proton 
methyl 


group is indicated, and this appears to be general for substituted propeny! 


A proton magnetic resonance investigation of rotational isomerism in 1,1,2,2-tetrachloro 
l1-fluoroethane: K. J. Asreanam and H. J. Bernstrers, National Research Council, Ottawa, 
al ia 


The spacing of the doublet in the proton resonance spectrum of this compound was measured 


70 to 90°C. In principle, the coupling constants of the 
gv difference can be evaluated from the observed changes in 
experimental error it was possible to determine only ranges of 

ters. However, it can be definitely concluded that the trans coupling 

a magnitude greater than the gauche constant, provided the gauche form is 


the as indicated by the temperature dependence of the vibrational spectrum. 


High resolution proton magnetic resonance spectrum of mercury diethyl: analysis of an A,B, 
system: |’. T. NarasimHan and Max T. Rocers, Kedzie Chemical Laboratory, Michigan 


State University. East Lansing, Michigan. 


lhe high resolut 


ion proton magnetic resonance spectrum of mercury diethyl has been studied 


at both 40 Me/s and 60 Me/s. The spectrum of this compound can be satisfactorily interpreted as 


an A,B, system. The ratio of the spin coupling constant J to the internal chemical shift 6 
between ¢ H. A) and ¢ H, Bb groups is about 0-73 at 40 Me/s and about 0-49 at 60 Me/s. The 
presence in the sample of the fairly abundant Hg’ isotope (with nuclear spin / 1/2) makes 
possible a direct determination of both the J and 6 values for this compound despite the com- 
plexit fthe spectrum. Theoretical calculations of the line frequencies and relative intensities 


have been made and the agreement with experiment is satisfactory. Details of the theoretical 
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method for calculating line frequencies and relative intensities of the NMR (nuclear magnetic 


resonance) spectrum of an A,B, system (with nuclei of nuclear spin J 1/2) are also given. 


Internal rotation barrier and dipole moment of methyl nitrate:* Wiciiam B. Dixon,t Depart- 

ment of Chemistry, Harvard University, Cambridge 38, Massachusetts. 
The microwave spectrum of methyl nitrate has been studied in the region of 8000—36,000 
megacycles. The moments of inertia of the normal species lead to the conclusion that the five 
heavy atoms of the molecule lie in one plane. Many satellite lines have been observed which are 
due to three or possibly four different normal modes of vibration. Splittings in the satellites 
belonging to the first and second excited states of the methyl group torsional vibration show 
that the barrier to internal rotation of this group is 2300 cal/mole. Satellites have also been 
observed which appear to be due to the simultaneous first excitations of both the methy!] group 
torsion and the NO, group torsion. The measured splittings in these satellites show that the 
barrier to internal rotation of the methyl group is about 1800 cal/mole when the molecule is in 
the first excited state of the N¢ ), group torsion. The possible significance of this in terms of the 
origin of the barrier will be discussed. 

Preliminary work on the dipole moment gives 3-06 D as the component along the axis of 
least moment of inertia and a value of the order of 0-2 D along the axis of intermediate moment 
of inertia. The third principal axis is perpendicular to a plane of symmetry. 


Preliminary investigation of the microwave absorption of a-fluoronaphthalene: 
CHRISTENSEN, Chemical Laboratory of the University of Copenhagen, Copenhagen, Denmark. 


An account of the experiments and a tentative assignment of observed frequencies will be 
presented. 


The microwave spectrum and structure of formamide (H,N-COH): J. M. Dowzine and C. ©. 
CosTatin, Division of Pure Physics, National Research Council, Ottawa, Canada. 


Type a and type b rotational transitions have been identified and measured for 
seven isotopic species of formamide (H,N™—-COH, cis HDN'*-COH, trans HDN'™*COH, 
D,N“—-COH, H,N™-COD, H,N®-COH, and H,N®-COD). These allowed accurate deter- 
mination of all three rotational constants A,, B, and C, for each species studied. The structural 
parameters obtained from these constants clearly show the molecule to be non-planar. The 
H,N-C group forms a pyramid type structure while the N-COH group is planar. 


In each isotopic species investigated, every line was accompanied by a rather strong satellite 
indicating the presence of a low-lying energy level. This level can be interpreted in terms of an 


inversion type motion with a Manning type potential. 


The microwave spectrum of isobutylene: Vicror W. Laurie, National Bureau of Standards, 
Washington 25, D.C. 


The microwave spectrum of isobutylene has been studied in the range from 19 to 33 kMe/s, 
and a number of rotational transitions have been identified. The pattern of the low-/ transitions 
is that of an effective rigid rotor with the constants a, 9133-32 Me/s, by 8381-61, cy 
4615-99. Certain high-/ lines are split into triplets by the internal rotation of the two methy! 
groups. A preliminary analysis of these splittings implies an internal barrier of 2-3 keal/mok 


Current status of some spectroscopic problems of astrophysical interest: ANorew McKe rar, 
Dominion Astrophysical Observatory, Royal Oak, B.C., Canada. 


Some infrared spectra of hydrocarbons chemisorbed on silica-supported metals: N. Suerrann, 


Cambridge University, Cambridge, England. 


* The research was made possible by support extended Harvard University by the Office of Naval 
Research under ONR Contract Nonr-1866, Task Order XTV. 
+ National Science Foundation Predoctoral Fellow, 1957—59 


767 


Reports of meetings 


Reflection measurements in the infrared spectrum: J. Lecomwre, French National Research 


Center, Paris, France 


A simple crystal powder source for Raman spectroscopy: Marvin C. Tonin, Research Division, 


American Cvanamid Company, Stamford, Connecticut 


The design features desirable in a erystal powder source are analysed. The illumination 


a small sample from a Toronto are and a collimating lens system are compared. It is 


found that flux reaching the sample from a Toronto are is greater by a factor of ten than that 


from a mating lens system. Various shapes for Raman tubes are considered. Lt is concluded 


that a conical tube just filling the spectrograph cone of aperture is most efficient. However, a 


front- or back-illuminated disk would be better with an image slicer 


\ source using a Toronto are and a NaNQg,, ethyl! violet, PrCl,-ammonium ethylenediamine 


tetracetate filter to remove continuum is described. Hg 4358 A is suppressed in the scattered 


light by reflection from narrow-band-pass multilayer interference filters 


Most samples require a 1-4 hr exposure; fine dusts may take as long as 12 hi 


Fluorescence and color are still problems with this source. A yellow or red exciting line is 


suggested to alleviate these 


A five-meter double-pass evacuated grating spectrograph:* Db. H. Rank and T. K. MeCussriy, 


Jn., The Pennsvivania State University, University Park, Pennsylvania. 


Phis instrument shows performance comparable with that of the ten-meter unevacuated 


instrument which has been in use in this laboratory for a number of years. At the present time 
on 7 t Wi per cent of the total optical path source to detector) is being evacuated. However. 
t} been possible to work in regions formerly inaccessible to our high resolution unevacuated 


Son f the optical and mechanical problems have been solved in a rather novel and 


manner 


Roprixson, Department of Chemistry, The 


An Ebert spectrometer for the far-infrared: Drax \W 


Johns Hopkins University, Baltimore 18, Maryland 


The design construction, and performance to date of a 10-in. grating, //4, vacuum Ebert 
spectro el ll be deseribed. The wavenumber region between 500 and 150 em! is currently 
rh I sing the rst and second orders of a 74 4 grating. The resolution over this region is 
nstant at better than 0-5 em™ 


Polarization measurements in the far-infrared region: YosHinaca, Saiceru Fusrra, 


KO YAMA Akryosat Department of Applied Physics, Osaka 


(lsaka Jay ul 


|’ at sbsorption band between 15 « and the microwave region. Pile-of-plates 


With these, 


eets of thvlene films 0-04 mm thick were mack radiation 


i} {1 t reflected from dispersi m gratings, filter gratings and reststrahlen 

r tar was measur: ad. assul the larization for alumin im 

For tl lispersion grating in the Czerny—Turner mounting, the ratio of 

reflect for the A. component to that for the ky component is unity at blaze-wavelength /, 

1} rat rig rior, A. ana ywwer than unity tor / except that the ratio approache 
init t 1-5 4, the latter comeiding with an anomalous wavelength 


f NaCl, Ke und KBr crystals for both components were measured at oblique 


heer invies \ new small peak was found for NaCl between the main peak and the subpeak 


of refraction and absorption coefficients were calculated from 


ssisted by support from Contract Nonr-656(12) NR 019-401 of the Office of Naval 
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These polarizers are useful in the far-infrared region for measurements of solids at oblique 
incidence 


Spectroscopic source stabilizer:* WW. EF. Deeps, Department of Physics and 
University of Tennessee, Knoxville, Tennessee. 


A simple, alternating current stabilizer has been developed for Nernst 


powet! is regulated by tmagcn tic amplifier, which is controlled by adv ynal 
The photoconductive ell monitors the o itput of the glower through a Corning g 
maimtaims a constant radiant flux in the near infrared. 


put im 


The stabilizer was developed to eliminate slow drift of the glower out 
intensity measurements. However, the short term stability has also been imp: 
appare nt lk vel is lower 

An all-electronic, direct current stabilizer was devel yped previously and worke 
However, the useful lifetime of the glowers was greatly shortened by polarization ca 


direct current 


Atomic emission lines as standard wavelengths for the lead sulfide region/!): 
HuMPHREYS and Enywarp Paut, Jr., U.S. Naval Ordnance Laboratory. Cor 


Interferometric measurements of the waveleng oft 56 argon lines 
lO and 1-7 «4 have led to the provisional adoption, by the International Astr 


of all the 2s and 3d levels for the calculation o an I \ total of 106 permit 


of these sixteen levels with the ten 2p levels ma 


have been observed, and of which more than half are intense enoug 


wavelength standards. These combinations are ited bet 


revisions of the measurements have been ‘ ! Fabry—P 


separations of 45 and 63 mm. Argon is reg 
of its essentially monoisotopic character, 
tribution of the lines atomic emit 
and the other noble Interferometr 
spectra will be presented to the extent av: 
2?Oand will be considered. Advant 
the requirement of using relatively 


| rat «) mMmparisons 


oft greater way gths, will be discussed 


A gas maser at millimeter wavelengths: 
Laboratory, The Johns Hopkins Un 


The advantages of extending 


resonant 


NAVORD 


ia 
iss filter and 
to facilitate 
that ihe 
vel well 
wed by the 
1, California. 
itted combin ns 
A to be considered useful as 
e ee ween S875 and 32.297 A. Recent 
interferometers plate . 
ied as ‘speciall satisfactory for this reg because 
ast excitation, and number and favora clis 
will be discussed, including mercury 108, cad m 
measurements i wa elengths oft hi 
le. Proposed atomic sources for the region een 
of using lines occurring in this region, ] ilar 
: with infrared regions 
J.J. GALLAGHERT and J. B. Newman, Radiation 
ersity, Baltimore 2, Maryland 
RS gas maser techniques to millimeter wavelengths are presented 7 
Following a review oT the requirements tor maser action, st ral molecules are exar ned r : 
those feat ires satisfying such 1 juirements i rotational energ | el sel 
their populations along with Stark focusing « iencies for several heavy symmet! und i 
trical top 1 lecules 
Among the gases studied thus far which h e transitions in the 1-2 mm waveleng ' mm. 
methyl fluoride shows some promise of satisfving e cond ns for maser a n. Cor j 
a maser has been designed for the 2 mm wavelength 1 m and inder constr tion 1) vn 
features of this unit will be shown. The anticipated performance of the maser as a spect ete 
using (| EEE structures and t! progress on the unit will be en 
* Supported in part by a contract with tl Air For Cambridge Research Center 
Now at The Martin Company, Orland Florid 
1} Humenreys C. J. and Pat dr... J. P R om 19, 424 (1958); lso Reports 4636 
md 5933. Progr f OSA, New Yor N.Y April, 1959 
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On the calculation of line intensities in vibration-rotation bands: F. Lecay, Laboratoire 
d'Infrarouge, Laboratoire de Chimie Physique de la Faculté des Sciences de Paris, France. 
The Hanson, Nielsen, Shaffer and Waggoner theory of intensities and the results obtained by 

Nielsen, Amat ef a/., in diagonalizing the vibration-rotation Hamiltonian of polyatomic molecules 
by contact transformations, are used for giving the general form of the electric dipole moment 
transformed by the contact transformation, to a second order of approximation. The coefficients 
of the transformed electric dipole moment are given as a function of the coefficients of the contact 
transformation in the general case of polyatomic molecules. These results have been applied to 
the case of the Vg band of the XY, molecule. 


Non-rigid line strengths in vibration-rotation bands of H,O: W. %. Benepicr, Laboratory of 
Astrophysics and Physical Meteorology, The Johns Hopkins University, Baltimore 1s, 


Maryland. 


The influence of the various factors which cause the line strengths in vibration-rotation 


bands of H,O to deviate from those for rigid asymmetric rotors have been calculated for several 
simple models. The effects considered are (1) differing asymmetries in the upper and lower states 


(2) centrifugal stretching and (3) interactions between vibrations 


Dispersion through the 2v, band of methane at 1-7: Kiwer, M. A. and J. H. 
Jarre, The Weizmann Institute of Science, Rehovoth, Israel. 


Work has been continued on the measurement of optical dispersion of gases in the infrared 
for the purpose of obtaining absolute intensities of rotational lines. 

The optical dispersion of methane at atmospheric pressure has been determined through the 
2y, overtone band at 1-7 ~. The change in refractive index on passing through the strongest lines 
amounts to about 3 lo-*. The accuracy of the measurement of refractive index is — 1 lo? 
\ dispersion curve will be presented showing details of the 7? and RP branches and also individual 
lines im the branch Che line intensities will be piven 

Calculation of line widths, however, involves the application of a complicated slit width 


correction and this has not vet been carried out successfully. 


Infrared dispersion measurements and integrated absorption coefficients of liquid benzene:* 
PauL N. Scuatz, Department of Chemistry, University of Virginia, Charlottesville, Virginia. 


lhe index of refraction of pure liquid benzene has been measured in the 2—22 micron region 


ising an interferometric technique developed by KAGARISE and MAYFIELD [1]. Combining these 
th the known dispersion results for the visible region permits an evaluation of the 
infrared intensities of the benzene fundamentals in the pure liqu d. This is done by 
Kramers dispersion formula {2}. The results are compared with the known absolute 


ntensities in the gas phase 


Infrared studies of crystal benzene II. Intensity measurements: Witiis 6. Person and CHARLes 


A. SwWENsoN, Department of Chemistry, State University of Iowa, Iowa City, Iowa. 


ntensity « f a9 at 1036 em~') has been measured in randomly oriented films of 

g the values for the relative intensities measured earlier [3] we have thus 

the absolute intensities for all the fundamental bands observed in solid 

es are considerably different from the intensity values for these funda- 

vas and liquid phase h idual band bn have diffs re ntly with neo oby 

m possible. Furthermore, the temperature dependence of the spectrum of the solid 


reach band and large for all 


* Supported by a grant from the National Science Foundation 
KAGARISE and MAyFieLp, J. Opt. Soc. Am. 48, 430 (1958). 
Scuatz P. N.. J. Chem. Phys 29, 959 (1958). 
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Vibrational intensities of benzene in the condensed phase:* [. ©. Hisarsune and E. S. 
JAYADEVAPPA, Department of Chemistry, Kansas State University, Manahattan, Kansas. 


In order to test the feasibility of measuring infrared intensities of substances in the liquid 
phase, the intensities of the infrared absorption bands in benzene have been investigated. In 
the pure liquid, the intensities of all four fundamentals have been measured. Furthermore, the 
intensities of the out-of-plane C-H bending vibration have been measured in cyclohexane, 2. 2, 
4-trimethyl pentane, methyl formate, and ethyl propionate solutions as a function of mole 
fractions of benzene. The effect of iodine on this intensity has also been investigated in the most 
dilute sample of each of these solutions. 

The intensity of this fundamental band was found to be always greater in the solution than 
in the pure liquid. Furthermore, these solution values appear to approach a common limiting 
value when the mole fraction of benzene was small, even though the concentration dependences 
were different. These data suggest that appreciable intermolecular interactions occur in the 
condensed phases and that intensity measurements in these phases may be a method of investi- 


gating such interactions. 


Acceptor infrared band intensities in benzene—halogen charge-transfer complexes:+ 
Frrcuson and F. A. Matrsen, University of Texas, Austin 12, Texas. 


Recent intensity measurements on the intensification of the infrared absorption of halogen 
molecules in charge-transfer complexes with benzene are interpreted by the same mechanism as 
that used to interpret the intensification of the symmetric ring breathing vibration mode of 
benzene in the complexes [1]. This mechanism relates dipole moment change to the variation in 
ionization potential or electron affinity of the donor or the acceptor molecule in a charge transfer 


complex. The calculated intensities are in good agreement with experimental data. 


The infrared absorption of some minor atmospheric gases:* Mocar B. Sincieron and Darren. 
KE. Buren, Department of Physics and Astronomy, The Ohio state University, Columbus 10, 
Ohio. 


A laboratory study of the total absorption of the 2224 em! N,O band, the 4260 and 2143 em-! 


CO bands, and the 3020 em~! CH, band has been made. From low resolution spectra of these 
1 


bands the effects of absorber concentration, absorber partial pressure and total pressure on the 
total absorption have been investigated. ‘Total pressures were varied from approximately 1 mm 
to 3000 mm Hg by adding nitrogen to the samples. The results will be presented and compared 
to theoretical predictions based on the Elsasser band model 


Response of a spectrophone cell at various gas compositions and pressures:§ 1). N. Monran and 
J.C. Decius, Department of Chemistry, Oregon State College, Corvallis, Oregon. 


Attempts to employ a spectrophone cell to measure vibrational lifetimes through a study of 
small phase shifts raise the question of whether any processes, other than the finite transition 
time from excited vibrational states to the ground state, contribute to the observed phase shift. 
A fairly detailed theory of the transformation of radiant to acoustic energy has been developed 
and some aspects subjected to experimental test. In the present work, we have demonstrated, 
with a series of N,O and argon mixtures, that the total signal in a vibrational band is proportional 
to the first power of the total pressure times the square root of the mole fraction of the absorbing 
gas over a fairly broad range. 

This result corresponds to the so-called “square root” region of effective line widths known in 
ordinary absorption spectroscopy. It enables one to place upper limits upon extraneous phase 


* Financed by a Frederick Gardner Cottrell Grant from the Research Corporation, 1957-9. 

+ This research was supported by a grant from the Petroleum Research Fund administered by the 
American Chemical Society. Grateful ac knowledgment is hereby made to the donors of said fund. 

* The research reported in this abstract has been sponsored in part by the Geophysics Research 
Directorate, Air Force Cambridge Research Center 

§$ This research was supported by the Office of Naval Research. 


[l] Fereuson E. E. and Martsen F. A., J. Chem. Phys. 29, 105 (1958). 
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shifts in the lifetime experiment and suggests alternative possibilities for indirect measurements 


of integrated band intensities and of individual line breadths. 


The infrared and Raman spectra of brucite, Mg(OH),: SnasHanka S. Mrrea,* Department of 
Physics, University of Michigan, Ann Arbor. Michigan 


The spectrum of brucite, Mg(OH),. has been studied in the region from 400 em! to 11.000 


em". In addition to careful reinvestigation of the spectra in the previously studied regions, the 


present research includes polarized reflectivity measurements in the highly opaque lattice region 


350 em™!), and around 3700 to de termine the optical constants and to decide 


about the strongest band in this highly absorbing region. extensive low temperature (at liquid 


nitrogen port spectra in the near infrared region, detailed powae r spectra of chemically 


prepared Mg(OH), and Mg(OD),, and transmission measurement in the second overtone region 


The Raman spectrum of the crystal has been re ported for the first time 


\ factor group analysis has been carried out obtaining the symmetry classification and 


selection rules for the normal modes. An assignment has been attempted for the internal and 
| 


external fundamentals and for the OH overtones. The possibility of explaining the « mnplex 


spectra in the near infrared region as combinations of the stretching and librational modes has 


also been explored. The model proposed by Hexter and Dows, which assumes a simple harmoni 


librational potential energy, is found to be completely inadequate. Two modifications have been 
proposed: an interaction term involving the two non-equivalent OH ions in the unit cell of the 
crystal, and a potential energy expression dependent upon 3-fold and 6-fold symmetry to 
incorporate the special features of the brucit« space group. The results of perturbation cal 
culations s ved only a few features in common with the observed spectra It appears that for 
a complete explanation one has to assume additional combinations with lattice modes which 


The infrared-active methylene wagging fundamental in crystalline polyethylene: 
Nu si ima R F Hou AND, Department ol Physics University of Oklahoma. N rman, 
(OK 


entified the methylene wagying fundamental in ery 


stalline polyethylene with the fairly weak infrared band observed at 1368 em=!. The band at 


1352 em as interpreted as the corresponding fundamental in amorphous polyethylene 


However, recent work has shown that both of these bands are ea ised exclusively, or very nearly 


morpl phase rhis result indicates that these | nds, as well as that at 1304 em. 
se fi sting rather than wagging of the methvlens groups 
. ri be given for the assun ption that tl fundamental lies near 1465 «em! 
nd is ked by the infrared-active methylene deformation fundamental. Ths strange fact 
that an infrared band at 1368 em~!, polarized in the b directi n, is Observed in single ervstals of 


ussed., 


cis 


Infrared spectra of polyethylene terephthalate and its deuterated isomers: It. (. Gourke. Yerkes 
Research Laboratory, E. I. du Pont de Nemours & Co., Inc., Buffalo. New York 


Phu gh se of the deuterated isomers of potlve thvlene tere phthalate, it has been possible to 


confirm most of the previous assignments, to answer a number of questions existing in previous 


Orks, and 10 obtain a more complet assignment of the infrared bands. It has been possibk to 


issign the major and most of the minor bands of not only the normal polymer but also poly 


ethylene-d,-terephthalate, polyethylene tere phthalate /, and polyethy lene-d, terephthalate-d 


vational Research Council. Ottawa, Canada. 


Supported b rrant fror the National Science F 
[1] Krom S., Liane C. Y. and Surnertanp G. B. B. M.. J. Chem Phys. 25, 549 (1956) 
~ M. ¢ nd Ca M. J I. Chem. Phys 25, 1044 (1956 
3) Nrecsen J. R. and Woorerr A. H., J. Chem. Phys 26, 1301 (1957). 
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The procedure used in carrying out the analysis was similar to that followed by Krum et al. [1 
for polyethylene. 


Recent studies in high resolution Raman spectroscopy: H. L. Wrisu, University of Toronto, 


loronto, Canada. 


Present status of IR photoconductive detectors: Henry Levinsrers, Syracuse University 
Syracuse, New York. 


Far-infrared interferometric modulation at the Johns Hopkins University: (:monce A. VANaAsse, 
Laboratory of Astrophysics and Physical Meteorology, The Johns Hopkins University, 
Jaltimore 18, Marvland. 


Interferometric modulation is a technique for obtaining spectral information in the far- 


infrared region of the spectrum, where detector noise limits the resolution that can be obtained 


with diffraction gratings. The observations consist of obtaining a plot of the illumination 


resulting from the interference of two coherent beams of radiation as a function of their path 


difference. The transformation from observed data to spectra is discussed, and the “‘scanning”’ 


function for an interferometric modulator, similar to the diffraction grating “scanning” function, 


is arrived at. The resolving power to be expected from this interferometric technique is shown 


to be proportional to the maximum path difference between the interfering beams. The lamellar 


grating type interferometer and auxiliary apparatus is described. Far-infrared spectra, obtained 


with the instrument, indicating ~(1/4)em~* resolution, are presented. 


Line absorption in the infrared spectrum of sodium chloride crystals: Koserr 8. McDonatp 
Ceneral Electric ¢ ompany, Research Labor: tory, Schenectady, New York 


Most artificial NaCl crystals which have been obtained from Harshaw in the past few years 


have very sharp absorption lines at 1997 and 2067 em 1 Half-width of the lines is 1-2 en 


room temperature. At low temperature, the lines shift to higher frequency and become nart 


peak intensity PASSES thi yugh a maximum between 120 and 160°K Variations in intensit 


spectra for different parts of the same crystal indicate that the lines are connected 


presences of impurities. The lines are bleached completely by X-rays, but can be subseq 


regenerated by heating to 300°C. They are bleached permanently by diffusing Ca?*, Cd?*, Ni? 


Mn? 


and Cu** into crystals at 700°C. 


Various models for the absorbing cente1 ll be considered 


The temperature dependence of the infrared reflection spectrum of sodium chloride: Mai, 
U.S. Naval Research Laboratory, Washington, D.C. 


temperature from 300 K to 900 K. The maximum reflectivity decreases wit! tempera 


infrared reflection spectrum of sodium chloride has been measured as a function 


from 9O per cent at 300° K to less than 50 per cent at 900 IK lo a first approximation t 


of the reflection spectrum may be described using the dispersion formula [2} for the 


dielectric constant 


By fitting this dispersion formula to the observed data, it was possible to estimate t l 


factor, y/m,. It was found that the damping constant varies approximately as the square of tl 


temperature. 


According to various theoretical treatments [3.4] based on consideration of anharmoni 


1) Liane C. Y., Krim™ 8. and G. B. B. M., J. Chem. Phys. 25, 543 (1956 $0 (1058 

?| Born M md Huane K.. Dynamical Theory of Cry | Lattices. p. 121. Oxford Universit Py 
London (1954). 

3] Born M. and Huanc K., Dynamical Theory of Crystal Lattices. p. 341. Oxford University Press, 
London (1954 
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terms in the potential energy function, the damping constant should show a large temperature 


cle pendence. 


Infrared spectra of mixed crystals of CO, and N.O: H. Fart Recror and Everener R. Nixon, 


Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania. 


Che infrared spectra of mixed crystals of carbon dioxide and nitrous oxide have been observed 
at liquid nitrogen temperature and prism resolution. Several bands of solid CO, and N,O not 
previously reported appear in the thicker films. The effect of composition of the mixture on the 
splitting of the CO, bending mode and on the frequencies and shapes of certain combination 


bands involving lattice torsions will be discussed 


High resolution infrared spectra of the crystalline group IV hydrides at 4-77 K: D. EK. 


MiInnican and R. M. Hexter, Mellon Institute, Pittsburg 13, Pennsylvania. 


Infrared spectra of solid methane, silane and germane; of their solid solutions with one 
another and with the rare gases are reported. Spectra were recorded at 4°, 45°, 65° and 77°K 
using a Perkin-Elmer 112G spectrometer, equipped with a PbTe photo-detector. 

Line-like spectra have been obtained and their possible interpretations are discussed. The 


effects of crystal symmetry and of the hypothesis of free or restricted rotation are examined. 


Vibrational spectra of the crystalline methyl halides: M. Ek. .Jacox and R. M. Hexrer, Mellon 


Institute, Pittsburg 13. Pennslyvania 


Infrared spectra of crystalline CHCl, CH,Br, CH.I, CD,I1 and their binary mixtures are 
; 3 


discussed. The spectra were all obtained using a Perkin-Elmer 112G spectrometer, equipped 


with a PbTe photo-detector. 
A new crystal structure for CH,I is postulated and evidence for this structure is discussed. 
Decivs’ suggestion [1] of the origin of correlation field splittings is examined qualitatively in 


the light of the change of splittings with deuteration. 


The infrared spectra of solid ammonia: |’. A. Sraars, H. W. Morcan and J. H. Goipsrery, 

Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

rhe infrared spectra of thin films of solid NH, and ND, have been studied as a function of 
temperature and of the conditions under which the films were deposited. Observations of the 
spectra were made with a prism spectrometer, using a low temperature cell of conventional 
design Spectra have been obtained from the two metastabk phases reported by the X ray 
studies of Maver and McMurpre [2], and from the stable cubic phase. The metastable phases 
were prepared by the deposition of solid films at 77°K and at 112°K. The stable modification 
was obtained by deposition at 145° and 170 K, and its spectra studied at temperatures down to 
77°K. Differences were observed in the spectra of the stable phase above and below 160°K; 
however both spectra were in agreement with the established cubic structure [3]. No evidence of 
inversion doubling was observed. The frequencies, force constants and relative band intensities 


will be discussed in terms of the structures and the intermolecular bonding in the solid phases. 


Intramolecular hydrogen bonds in some crystalline polysaccharides: “. Y. Lianc, RK. H. 
MARCHESSAULT and F. G. Pearson, Research and Development Division, American Viscose 
Corporation, Marcus Hook, Pennsylvania. 

Che polarized infrared spectra of well oriented crystalline cellulose and chitin samples have 
been investigated. From these data it seems highly probable that, in these crystals, an intra- 
molecular hydrogen bond is formed between the C, hydroxyl group of one glucose residue and 


the ring oxvgen of the next residue. 


fl] Decrus J. C. J. Chem. Phys. 23, 1290 (1955). 

2) Maver F. A. and McMurpre H. F., presented at the 1958 meeting of the American Crystallographic 
Association, Milwaukee, Wisconsin 

3] De Smepr J., Bull. Class. Sci. Acad. Roy. Belg. 11, 655 (1925); Mark H. and Poutanp E., Z. Krist. 
61, 532 (1925 
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An intramolecular hydrogen bond involving the primary hydroxyl group has often been 
suggested by a number of investigators. It was found that in the cellulose I and II lattices, such 
an intramolecular hydrogen bond, cannot be formed. However, this type of bond may exist in 


the chitin crystal. 


Intermolecular forces and vibrational spectra of crystals: ). A. Dows, Department of Chemistry, 

University of Southern California, Los Angeles 7, California. 

An effort has been made to connect quantitatively the observed frequency shifts and splittings 
of bands in the infrared spectra of molecular crystals with intermolecular potential expressions. 
The theory applied to various types of intermolecular interactions will be presented briefly and 
some results will be given. 


Electronic spectra in crystals: D. L. Woop, A. L. ScHawtow, A. M. CLocsroxn, Bell Tek phone 
Laboratories, Inc., Murray Hill, New Jersey. 


Three types of electronic spectra, mostly from transition metals, have been observed in a 
variety of crystals. In the first type of spectrum the energy levels of the free ion are modified 
by the crystal field giving both sharp lines and broad bands which can be observed in absorption 
or in some cases in fluorescence. The analysis of the spectrum can be carried out using the 
familiar crystal field theory. The spectrum of chromium as an impurity in several crystals, as 
well as that of cobalt in CoF, will be discussed. 

The second type of line spectrum arises from pairs of impurity ions coupled electronically in 
the lattice. The intensities of these lines, relative to those due to the single ions, vary with con- 
centration, supporting the contention that they are due to pairs. A model for the orbital system 
involved will be presented to explain the gross features of the pair spectra. 

The third type of spectrum is found in the ultraviolet region near the absorption edge of 
crystals doped with small concentrations of transition metals. The intensities of the broad bands 
observed suggest allowed transitions which may arise from one of at least two possible mecha- 
nisms. First an electron may transfer its association from the ligand anions to the central metal 
atom and produce a so-called charge transfer absorption. This may be recognized in crystals as 
an exciton process. Second there may be an internal allowed transition within the central 
metal ion from a 3d orbital to a 4p orbital. The structure of the spectrum produced by these two 
mechanisms is different, and the experimental results for Fe, Mn, Cr, Ti, V, and Co in Al,O, will 
light of these differences. 


be discussed in the 


Infrared absorbing groups in cyclo-(hexaglycyl):* ‘(itapys A. Awnstow and Puese F. 
CoLirs, Department of Physics, Smith College, Northampton, Massachusetts. 


The LR spectrum of cyclo-(hexaglycy]), the material being kindly provided by BALLarp ef al., 


has been studied between 4000 and 615 em~', using KBr pellets of mixtures shaken in a vibrator 


with and without steel balls for various time intervals. The crystalline material is mainly 
prismatic with some pseudo-hexagonal plates[1]. X-ray investigations[2] of the prismatic 
crystals reveal unit cell contents corresponding to various multiples of mono- or hemi-hydrates 
of the (CH, ‘ONH le molecule. 

Since the BBW material is derived from glycyl N-carbonic anhydride polymers, formed by 
orthopeptide bonds, it seems probable that in these crystals internal V-C(OH) bonds, typical of 
cyclo-groupings | 3}, are maintained leading to OH... .. O trimers, analogous to those demonstrated 
by NMR investigations as characteristic of associated primary alcohols [4]. On the peripheries, 
proton transfer must occur. The prismatic dimensions reported by CANT are satisfied if a-axis 
inter-associations occur between 1, 1 \-diacyl and 1, 1 diamino carbinols, the carbinols being 


associated through bound water to carbonyls in successive layers in the c-axis direction. 


*Supported bv the National Science Foundation and the Office of Naval Research. 


fl] Battarp D. G. H., Banrorp C. H. and Weymours F. G., Proc. Roy. Soc. (London) A 227, 155 (1955). 
{2} Cant E. M., Acta. Cryat 9, 681 (1956). 

Wrincn D., Nature, 180, 502 (1957 

[4] Rerp C. and Connor T. M., Nature, 180, 1192 (1957). 
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Effects of gaseous atmospheres on excitation: (:. ANpeRMANN and J. W. Kemp, 
Applied Research Laboratories. 


Discussors: V. A. Fassen, lowa State University 


T. P. SchrerBer, General Motors Corp. 


Some properties of new or modified excitation sources: M. Marcosues, National 
Bureau of Standards. 


Discussors: F. Brecu, Jarrell—Ash Company 
J. T. Rozsa, National Spectrographic Laboratories. 


The proceedings will be published as an ASTM Special Technical Publication. 


Second Australian Spectroscopy Conference 


Chemistry Department, University of Melbourn: 


1-3 June 1950) 


Invited Review Papers 


Molecular spectroscopy—electronic spectra: N. 8. Bayiiss 


Electronic spectra of solids: L. KE. Lyons 


Molecular spectroscopy—infra-red, Raman and microwave spectra: A. N. Hamary. 


Atomic spectroscopy—analytical applications: A. WaA.su 


Abstracts of Papers 


Electronic spectrum of azulene: (:. Kk. Huyr and I. Ross 


The TOOO \ S00 A absorption syster in azulene H.) | 


Electronic interaction in the free-electron 
C.H.. C.H,. and C,.H,: N.S. Ha 
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been calculated using the method of Ham and Rugepenserc [1] for the inclusion of electronic 
interaction effects in the free-electron model The odd alternant perinaphthenylium cation 


C,H,” has also been included The results obtained for these polar molecules will be compared 


with those obtained for non-polar alternant molecules and some of the effects of the “pairing 


properties” of alternants will be discussed 


The vapour spectrum of anthracene between 38,000 cm ' and 60,000 cm=': L. E. Lyons and 
C. Monris 

has been made of a 3m normal incidence concave grating vacuum spectrograph to 
tographically and by photomultiplier the absorption of anthracene vapour from 

38,000 om”! to 60,000 em™!. A brief description of the experimental method used will be given. 
Three electronic transitions of the anthracene molecule occur, viz., the second m7 transition, 
the Rydberg transition and an underlying continuum extending to higher energies. Positions 
if the bands obtained, with a tentative analysis, will be presented. The Rydberg bands converge 
to an ionization potential of 6-823 eV, but only a few members of the series are found, higher 
members probably being submerged in the continuum underlying these bands. From a study 
if the oscillator strengths of these transitions, the second 2-7 transition is confirmed as allowed. 
A comparison of the f-values obtained in the vapour, solution and polarized spectrum will be 


presented 


Absorption spectra of OsO, and RuO,: |. Ross and FE. J. 


Phe visible-near ultra-violet absorptions of the related tetrahedral mole« ules OsO, and Ruf Vs 
have been recorded in the vapour phase, both photographically and photometrically. LANGsETH 
and QvILLer’s (1934) claim to have resolved much fine structure in the OsO, spectrum at room 
temperature could not be substantiated even at 40 C; the individual members of the long 


vressions are now consice d to be esse ntially diffuse. 


and regular vibrational pr 
Bot tles undergo two allowed transitions in the region studied, and there is evidence 
for an intercombination transition at longer wavelengths. Upper state frequencies are identified 


und the spectrum is discussed in terms of theoretical energy level schemes 


Intra-molecular vibrations in molecular aggregates: 


yregates ol identical molecules (molecular crystals, 


The electronically excited states of 
limers and p mers of dve m le ‘ eated theoretically with explicit inclusion of intra- 


Iwo factors, which in the past have not received due considera 


y are, first, that the Born—-Oppenheimer separability condition 


excited m lecular agyvrevates; second, that the 
nian for a molecular aggreg is in general different from the 
nians for the component molecules 
inclusion of vibrational motions presents a compli ated problem 
simple treatment is possible in each of two limiting cases, which ar 
the cases ot weak and strong coupling The st limiting cases are approached 
ar interaction energy becomes respectively very small and very large in 
ational energy level separation. The limiting cases are treated fully for 
f identical molecules, and the general case is approached on the basis of a 
lat mn scherne 


Appl ations to electron spectra and em rgy transfer are described. 


The effect of pH and amides on the environment of tyrosine hydroxyl groups in ovalbumin, 
bovine serum albumin, conalbumin and lactoglobulin: H. A. McKenzie. 


in acid solutions of pH less than 3 and in urea solutions over the pH range 3-10 the ultra- 
violet spectrum of bovine serum albumin changes very rapidly and acquires a closer resemblance 


1} Ham and Ruepenserse, J. Chem. Phys. 25, 13 (1956). 
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to the spectrum of free tyrosine, the 279 mya peak being shifted to 277 mu. From the difference 
Sper tra it is concluded that the maximum difference occurs at 288 mu and is due to « hanges in 
the environment of the tyrosine OH groups 

Che ultra-violet spectrum of ovalbumin shows no shift in the maximum absorption peak 
at 280 mu over the range pH 2-10 

Urea denaturation over this pH range causes a shift in the 280 mu peak; the maximum 
difference in extinction occurs at 288 my. This change is a time-dependent process 

Kinetic studies suggest that this change in environment of the tvrosine OH groups is the 
initial step in the urea denaturation of ovalbumin 

\ comparison of the effect of pH and urea on the ultra-violet spectrum of conalbumin and 
iron conalbumin has also been made. Both acid and urea bring about instantaneous changes 
in the ultra-violet spectrum of conalbumin. Urea brings about a time-dependent change in the 
ultra-violet spectrum of iron conalbumin. A kinetic study has been made of the rate of change 
of extinction at 291 mu for the iron compl x 

Preliminary results on the lactoglobulins will be described 

The implications of the present results with respect to hydrogen-bonding and conformation 


changes in these proteins will be discussed 


The excitation of molecular spectra by shock waves: “. L. Cook. 


Shock waves may be produced in a variety of ways but the simple shock tube is by far the 
most convenient laboratory method. The breaking of a thin diaphragm between the driver gas 
at high pressure and the gaseous system under study at low pressure is sufficient to send a shock 
wave speeding into the gaseous system. 

As the shock wave passes there is a large and abrupt rise in temperature and pressure. The 
rapid and homogeneous heating produced by the shock may initiate chemical reactions, 
dissociation, combustion, detonation, etc. and in the process give rise to intense light emission. 
Spectra are obtained that are similar to those found in flames, while stronger shocks offer very 
high temperatures, particularly on reflection; in this way spectra can be obtained that are only 
otherwise observed in plasma and stellar sources. The shock front is very thin, becoming even 
narrower at higher Mach numbers. The number of collisions a molecule may undergo in passing 
through the shock front will be of the order of 30 for weak shocks at Mach 1-1 down to only a 
few at higher Mach numbers. In the latter case the gas compresses so rapidly that translational 
energy is exchanged at different rates with vibrational and rotational states. 

As has been pointed out by others, spectra excited in this way differ from those obtained 
by electrical discharges. Upper vibrational states are usually more richly populated. In 
polyatomic molecules the greater rotational excitation often causes bands to ove rlap and gives 
rise to a continuum. Spectra excited by shock waves at different Mach numbers in simple gas 


mixtures and in a few polyatomic gases will be described. 


The absorption spectrum of sodium nitrate crystals in polarized ultra-violet light: J. A. Frrenp 
and L. E. Lyons. 

The absorption spectrum of a sodium nitrate crystal shows two main transitions in the 
ultra-violet region at approximately 2000 A and at 2870 A, which are both polarized parallel 
to the plane of the nitrate ion. Unlike the absorption bands of sodium nitrite, the nitrate bands 
do not show vibrational structure at liquid air temperatures. 

Molecular orbitals are constructed to describe the orbitals involved in the transitions. It is 
concluded that the 2000 A transition is allowed and is given the assignment A,’— KE’. The 
weak band at 2870 A is forbidden and is described as A,’— A,", being due to ann — z transition, 


involving a non-bonding orbital on an oxygen atom. 


The electronic spectra of some octahedral and tetrahedral cobalt (II) complexes: J. Frerauson. 


A reflecting microscope has been used to study the absorption spectra of some ery stalline 
cobalt (11) complexes. Those with tetrahedral configuration have a relatively strong band in 
the visible region and a weaker one in the near infra-red region. Both of these bands were 
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studied in complexes with formal symmetry lower than pure tetrahedral, i.e. CoPy,X,. The 
effects of symmetry as well as intermolecular interaction will be discussed. Only one crystalline 


complex with octahedral configuration (CoPy,Cl,) was studied and an analysis of its visible 


spectrum in polarized light will be presented. 


The spectrum of phthalocyanine in solutions and crystals: L. E. Lyons and J. W. Wurre. 


The phthalocyanines and porphyrins are two of the important classes of synthetic and 


naturally occurring pigment molecules. 


Because of the close r lationship between their structures information on the electronic 


properties of phthalocyanines can be readily extended to the porphyrins, which are important 


in many biological processes such as photosynthesis. One of the most important properties of 


an electronic transition is its polarization This quantity can be thought of in terms of the 


direction of a classical oscillating dipole within the molecule. The polarization of a transition 


can only be obtained directly from studies of the spectra of single crystals with polarized light. 


The techniques used to obtain the polarized crystal spectrum of phthalocvanine will be discussed. 
] | 


Polarized crystal spectra are usually interpreted using the Davydov theory. This theory 


was tested experimentally in the present work and the limits of its applicability to molecular 


crystals determined lhe significance of the experimental results in relation to Davydov’s 


theory will be discussed 


Soft X-ray spectroscopy in the 40-1000 A region: Kt. 8. Crisp. 


Soft X-ray band emission spectra of Al, B, Be, C and Mg have been recorded in several 


orders with a urazing wu idence, high vacuum, photon counting spectrometer, using three 


different gratings, one ruled on glass and two on aluminium. The grazing angle of incidence 


considerably modified by the grating material. 


In particular, aluminium gratings are shown to be unsuitable for use at grazing incidence from 


rhe relative intensities of hig rder spectra from the glass grating are not in agreement 


ith theoretical predictions. ‘The intensity maxima occur for wavelengths which cannot be 


opk 


blaze” of the 


grating. 


Luminescence of alkali halides: J. E. A. ALperson. 


The nescence efficiency of an impurity-activated crystal such as a thallium-activated 
alkali halide can provide information on the absorption of the host crystal in the same region 
pl ded chat im the minescence mechanism can be distinguished from changes due to the 

ing lu of the host crystal (number of impurity centres) irradiated at any given 


ed in the spectrum range 600 A to 2500 A by use of a normal 


inciden rating spectrometer with photomultiplier detector will be described. 


The vibration spectra and structures of the hydrochlorides of urea, thiourea and acetamide: 


Urea, thiourea and acetamide all possess two basic sites: proton addition mav take place 


at the : en or sulphur atom to yield a highly resonant cation (like I), or at the nitrogen 


m to yield an ion (like IT) in which the amide resonance is reduced or destroyed. 
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The infra-red and Raman spectra of the hydrochlorides, in the solid state and in aqueous 
solution, show that the poorly resonant cations (like IL) are more stable and predominate. 
A comparison with the vibration spectra of the neutral molecules shows that the intrinsic ( N 
stretching frequencies in urea and acetamide are slightly raised on cation formation, although 


the C-——-N bonds must be pure single bonds (without double bond character): it is concluded 


that the C—-N bond in an amide, also, is a pure single bond. Thiourea and its cation have quite 


similar vibration spectra, but no firm conclusions about the bonding in the cation are possible 


because of mixing of the bond stretching vibrations there. 


The vibrational spectra of some isothiocyanates: N.S. Ham and J. B. Writs. 


The infra-red and Raman spectra of a series of organic isothiocyanates have been recorded. 


Two main points emerge in the interpretation of the results. Firstly, Badger’s explanation of 


the doubling of the NCS characteristic band at 2100 em=! (the pseudo asymmetrical stretching 


vibration) by a ‘‘Fermi resonance’’ mechanism is correct in principle and secondly, the pseudo 


symmetrical stretching frequency of NCS group has been identified at around 650 em! for 


aliphatic ‘sothiocyanates and near 930 cm™= for aromatic isothiocyanates. However, 


iit 


detailed interpretation, for both these points, depends on whether the NCS group is attached 
to a CH, group (aliphatic NCS) or directly to a benzene ring (aromatic NCS). 


The infra-red and raman spectra of methyl isothiocyanate: A. Cosrou.as. 


Methyl isothiocyanate was studied in the infra-red as the vapour, solid and melt, while the 


Raman spectrum was obtained in the molten condition. 


A fairly satisfactory assignment of the different bands observed in the spectrum was thus 


made possible, and this in turn enabled the thermodynamic functions of the material to be 
worked out. 


It was established that the classical representation of the compound as CH N = S is 


misleading, and that it can be more accurately denoted by the oscillation formula ( H,—N—C—S, 


necessitating the assignment of the CS stretching frequency to the parallel band at 676 em—, 


Some criteria for allocating displacements ot X—H bond stretching frequencies to the formation 
of H bonds: A. N. Hamsty and R. H. Lary. 


The general statement that hydrogen bonds are formed between electronegative atoms 


disguises the fact that, for one of these at« ms, the less electronegative it is the stronger is t} 


bond that it is able to form. There is a general tendency to attribute to hydrogen bonding any 


interaction in which an hydrogen atom and two electronegative atoms are involved If we 


regard a hydrogen-bonded molecule as an entity with an appreciable lifetime then there are 


several tests by which the effect on the infra-red spectrum can be recognized. Formation of 


intermolecular bonds of strength of the order of kT’ cal mok must produce a doubling of the 


absorption band, while for stronger bonds a doubling of the absorption must appear at low 


concentrations In non-p jar solvents. In the case of strong intramolecular hvdr« gen bonds 


there is a large displacement of frequency but no doubling on dilution. Weak intramole: ul 


hydrogen bonds give a double absorption except in a few special cases. A mere shift of the X—H 


vibration to lower frequencies and a broadening of the absorption band are not in general 
sufficient evidence for H-bonding to a solvent. Similarly abnormal values of X—H fr quencies 


in a series of ortho substituted aromat i compound must be compared with those of the corr 


sponding meta and para-derivatives before conclusions are drawn 


Applications in recent studies of amino- and ulphoxy compounds will be dis 


Conformations and infra-red spectra of substituted cyclohexanols: A. Kh. H. Cone and G. 1. A 
MULLER 


Small but significant differences in the stretching frequencies of axial (3627—32 em) and 


equatorial (3622-5-23 em™~!) hydroxyl groups are reported for a series of methyleyclohexanols 


and are used to determine the stable conformation of the compounds. The methyl group is 
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found to have a greater tendency to be equatorial than the hydroxyl, in agreement with kinetic 
studies. A similar difference in methyl bending frequency is reported (axial 1381 em™, equatorial 
1376-7 em~') and this together with the difference in hydroxy] stretching frequency is attributed 
to steric interference by axial hydrogen atoms. Integrated intensities of the hydroxy! absorption 


band have been determined (mean value 0-50 10* mole! em™*) for nine compounds. 


The infra-red spectra of methyl groups attached to aromatic ring systems: A. (. Morrrz. 


Fuson and Josten [1] examined the infra-red spectra of the methyl-1:2-benzanthracenes 
and found a correlation between the overall appearance of the 3000 em™! region and the free 
valence number of the position of substitution in the parent hydrocarbon. A re-examination 
of these compounds and an extension to a number of other methyl-substituted polycyclic 
aromatic hydrocarbons (naphthalene, anthracene, naphthacene, pyrene, phenanthrene, 3:4 
benzophenanthrene) confirmed the general applicability of this correlation. Bands of variable 
intensity near 2075, 2045, 2923, 2865 and 2734 cm™ appear to be characteristic of the methyl! 
1) for the compounds so far 


group. The position of the bands varies only slightly (+5 em 
examined. The distinctive feature of these spectra is the intensity of the 2975 and 2945 em 


bands. This correlation is shown to be fortuitous because of a parity between the free valence 


numbers and the steric environment of the methyl group. This is supported by the spectra of 


various ortho and para substituted toluenes. 
Preliminary studies of the deformation bands show that the symmetric deformation vibration 
occurs at 1382 2 em”, with variable intensity depending on the steric environment of the 


methyl! group. 


Normal co-ordinate analysis of the planar vibrations of naphthalene: 1). Ek. Freeman and I. G. 


The 33 planar vibration frequencies of naphthalene, and likewise of naphthalene-ad, and -d,, 
have been calculated using a simple quadratic valence force field with 24 independent constants, 
initially derived, as far as possible, from benzene. Granted many reassignments, compared with 
the none too unanimous concensus of current experimental opinion, these results are encouraging, 
but hardly convincing. Systematic attempts, which are described briefly, have been made to 
force agreement with certain observed frequencies, and some reassignments are suggested on 


the basis of difficulty in doing this 


The rotation—vibration spectrum of hydrogen deuteride: Kk. A. Durie. 


The hydrogen molecule has no ordinary dipole infra-red spectrum, but the replacement of 


one hydrogen atom with a deuterium atom introduces asymmetry and adipole rotation—vibration 


spectrum becomes theoretically possible for the hydrogen deuteride (HD) molecule. However, 


the change in the dipole moment associated with the vibration is very small and thus the 
rotation—vibration absorption is weak. 

HERZBERG [2] successfully observed in the photographic infra-red several lines (near 9650 A 
and 7400 A) in the (3,0) and (4,0) bands of HD, using path lengths of 700 and 1000 m-atm 
respectively 

While working at Dr. Herzberg’s laboratories in Canada the present author observed, with 
path lengths of about 200 m-atm, and measured under high resolution, the (1,0), (2,0) and (3,0) 
HD rotation—vibration bands. A 2 m vacuum grating spectrometer with PbS detector was used. 
With a 7200 lines/in. grating he observed seven lines of the (1,0) and of the (2.0) bands in the 
second order and five lines of the (3,0) band in the third. The (2,0) band was measured also in 
the first order of a 15,000 lines/in. grating. 

The constants of the HD molecule were calculated from the observed spectrum. 


{l Fusown and Josten. J. Am. Chem. Soc 78, 3049 (1956). 
2) G. H. Herzseerc, Nature 166, 563 (1950) 


782 


oad 
uf 
4 
15 
195° 
|| 


Reports of meetings 


Contributions of high-resolution microwave spectroscopy to the electronic structure of the water 
molecule: 1). W. Posener. 


The hyperfine splitting observed in microwave spectra can provide an accurate measure of 
certain quantities which depend only on the charge distribution in the molecule. Thus data are 
obtained which must be quantitatively accounted for by any complete description of the 
electronic structure of that molecule. 

The most recent theoretical study of the water molecule is by ELLIson and Suv [1], whose 
LCAO MO SCF treatment gave fair agreement with measured ionization potentials, binding 
energy, dipole moment and equilibrium bond angle. 


From measurements [2] of quadrupole coupling in HDO" it may be inferred that the electric 


field gradient at the oxygen nucleus and in the OH bond direction is 2-7 10” e.s.u. 

tecent work by the author on HDO and D,O has shown also that the field gradient at the 
hydrogen nucleus and in the OH bond direction is 1-59 — 0-03 10% e.s.u., which compares 
with the value 3-52 10% e.s.u. computed [3] from the ELLISON and SHULL orbitals, and shows 
that in the latter work the electron contribution is underestimated by a factor of about 2. 
The observed magnetic hyperfine splittings also provide a determination of (Z,r,/r;3), the 
magnitude of which is 39-5 2-1 10-16 em~*, and in which r, is the vector distance of the 7-th 
electron from a hydrogen nucleus; this quantity has not yet been computed from the ELLISON and 


SHULL distribution. 


Precision measurements of emission and absorption spectra with a photoelectric setting device: 
HEINZ GOLLNOW. 


A photoelectric setting device is described which at present (April 1959) is under construction 
at the Mount Stromlo Observatory. It will be used with one of the Observatory’s Abbe compara- 
tors chiefly for the measurement of radial velocities. For those measurements a high precision 
is as essential as great efficiency, i.e. a minimum of time required per spectrum and as little eve 
strain for the observer as possible. Until now the spectra of early-type stars, which show 
relatively few and broad lines, can be measured only with much less accuracy than those of late- 
type stars, which show many and well-defined lines. For various problems precision measure- 
ments of the early-type spectra are rather important and it is hoped that the setting device will 
fulfil those requirements. The device is a modification of the design by Tomkins and Fred; 
it has been developed partly in co-operation with the National Standards Laboratories in 
Sydney. From preliminary experiments an accuracy of about half a micron with a single 
measurement can be ¢ xpected ; this will be independent on the definition of the line. The scale 
reading MUICrOSCOpe of the Abbe comparator has also been modified by using a proj cted image, 
which also means less eye strain for the observer. The device can be used for emission and 
absorption spectra. It will be particularly important for accurate measurements of broad 
spectral lines, as for instance in stellar spectra and in interference spectra, and of small dispersion 
spectra. It might also be successfully used for distance measurements of star images on astro 


nomical photographs. 


Intensity measurements in the vacuum ultra-violet region: J. V. SULLIVAN. 


The photoelectric method to be described records percentage transmission directly, and is 
capable of a resolution of 1 A at wavelengths down to 1600 A. A feature of the method is that 
it employs a new double-beam system which involves only one reflection of each beam, and thus 
keeps light losses to a minimum. The monochromator employs a concave grating in a new type 
of mounting, a feature of which is the extreme simplicity of construction. Deviations from the 

towland circle lead to no detectable loss in resolution. The background continuum is provided 


by a high-intensity hydrogen source of the sealed-off variety dissipating 1 kW. 


O. and H. J. Chem. Phys. 23, 2348 (1955). 
. J. STEVENSON and C. H. Townes, Phys. Rev. 107, 635 (1957). 
BERSONN, private communication 
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The use of infra-red techniques in following complex inorganic reactions: J. (). ALLPRess and 
A. N. HAMBLY 


ions by infra-red spectroscopy has been atte mpted only rarely 


because of the general expectation that the absorption bands would be extremely broad and at 
1 great a Wi length for sumpler spectrophotometers. The infra-red absorption of the uranyl 
group is strong, and in a series of mixed oxides proved sufficiently sensitive to environment to 
yest that ¢ nges im this er ronment n ight be followed by chang s im the spectrum 

Phe 1 n between U,O, and alkali halides is particularly suitable for study by this 
method th roduct may be examined in the form of a disk in the same alkali halick 
Whereas tl \ -ra ffraction pattern of such systems is largely determined by the uranium 
atoms, the init red spectrum stresses changes in the environment of th oxvgen atoms. Changes 
are tre ent ! re easily demonstrated by the change in infra-red spectrum than bv the small 


Reaction of clavs and other silicate minerals can be 


A fast-scanning infra-red spectrometer for the wavelength range 1-5 uw: J. Teecenias-Wrieiiams 


An infra-red spectrometer is described which is capable of displaving successive abs« rption 


spectra of a reacting gas at intervals of 1/150 se« 2 riteria upon which the final design was 
based are discussed and tl nstruction of an attachment to a conventional spectrometer with 
Littrow 318 deseribed A crank mechanism is used to scan the spectrum across the exit 
{ nad this irranged tl both th wavelength upor which the 


emently varied 


Det BS Ort ‘ } ents sod for the detection of the infra-red radiation, the generation of a 


spectrum on a cathode-ray 


The application of “least squares” methods to the calibration of infra-red spectrometers: ‘: 
Wi 


ronal 


bablk 


obser 


ilts when that element sone 


= 


~ 

oe 

rt? btamed with this attachment are briefly discussed 

L 

2 In t we Of potassium bromide and caesium bromide prisms, the number of absorption 

mm rather small, a i¢ nt n practice to mterpolate by 

= ne of MeKinney equation. TI eads to two dil lties. Firstly, the reststrahlen 

si jiiat nia t it lactory represel for man 

1 meni in its stead ines tron ne mestrument to another. Secondly, the use 

‘ ans fre the parameters and t tv tl is the equation } it 

a I s. A hod is presented whereby the necessary estimates of the prollll 

nd ort nts i »btained even when the 

tor! torial moments of tl 

5 Application of analytical absorption spectroscopy to agricultural analyses: J. E. Auta» 

rou ne present in plants and is, Magnesium car vith advantage 
imu Theat ‘ ses for potassium and « ilcium, to pro le for 
a AL ron, These tluminium and boron oceur in plants in 

a has nt masit t md has advantages of sim t und rapidity for the determination ; 
ash eolutions of extracts. With the present nt. 
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in near-deficiency amounts. The method is not at present applicable to aluminium and boron, 
which do not occur as atoms in the air—acetylene flame. 

The other minor elements of agricultural interest, molybdenum, cobalt, vanadium and 
nickel, occur in plants in the range 0-01-1-10 p.p.m. These elements have not yet been investi- 
gated, but it is unlikely that the atomic absorption method will be sufficiently sensitive to 
permit their determination in plant ash solutions or soil extracts without prior concentration. 


The application of atomic absorption spectrophotometry to plant and soil analysis: D. J. Davin. 


The atomic absorption spectrophotometric analysis of plant material for zine, iron, copper, 


magnesium and calcium and of ammonium chloride extracts of soils for calcium, magnesium, 
sodium and potassium has been studied with a view to finding and overcoming interferences. 

The apparatus used in these investigations consisted of a Lundegardh air—acetylene burner, 
a Hilger medium spectrograph, a modulated discharge light source and an a.c. amplifier. 

In analysis of plant material for zine, iron, copper and magnesium no serious interference by 
extraneous elements was found. 

In plant analysis for calcium it was found that, as in emission, serious depression of calcium 
absorption resulted from the presence of phosphate, aluminium and silicate in the solutions. 
Enhancement of cak ium absorption by sodium and potassium was also shown to occur. Re overy 
tests and comparisons with other methods showed the atomic absorption method to be satis 
factory if analyses were carried out in the presence of 0-6 per cent magnesium, 2 per cent v/\ 
sulphuric acid, 200 p.p.m. sodium and 1500 p.p.m. potassium in both sample and standard 
solutions. 

In the analysis of normal ammonium chloride extracts of soils for exchangeable cations. 
the ammonium chloride was found to suppress interference with calcium absorption of up to 
20 p.p.m. silicon, but had little effect on phosphate, aluminium or sulphate interference. 
Strontium was found better than lanthanum in the suppression of phosphate, aluminium, 
silicate and sulphate interference with calcium absorption, satisfactory control being achieved 
at a concentration of 1500 p.p.m. Sr 

Recovery tests and comparisons with other methods have shown that analysis of exchangeable 
cations in soils by atomic absorption in the presence of 1500 p.p.m. Sr is accurate and reliable 
for calcium, magnesium, sodium and potassium. The sensitivity is such that all four elements 
can be determined directly on the extracts 

Investigations carried out so far indicate that the atomic absorption method gives gains in 
speed, sensitivity and accuracy over many methods used hitherto in the analysis of plant 
material and soils and makes possible analysis, on a single instrument, for most metallic elements 


important in plant and animal nutrition 


The determination of calcium and magnesium in blood by atomic absorption spectroscopy: 
J. 


The determination, by atomic absorption, of calcium in serum without preliminary ashing 
or precipitation as oxalate ts « mplicated by interference caused by the presence of phosphate 
and protein. The interference can be reduced by the addition of large quantities of a substance 
such as Sr** which can compete with the calcium for combination with the interfering substances. 
With an air—acetviene flame and a 10 em burner determinations can be carried out on 0-25 ml 
of serum 

Magnesium, which is present to the extent of only 20 p.p.m. in serum and is exceedingly 
tedious to estimate chemically, can very readily be determined by atomic absorption by diluting 
0-25 ml or less of serum to 5 ml with water and measuring against standards containing 0-5, 


1-0 and 1-5 p.p.m. in a 10 em air-acetylene or air-gas flame. 


The estimation of sodium by atomic absorption: |’. browne 

Sodium was shown to be an essential micronutrient element for Atriplex vesicaria (bladdet 
salt-bush) in experiments in which culture solutions, water and air were carefully freed from 
sodium. 
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Reliable methods of estimating sodium are required in this work. Although useful indications 


of the amounts of sodium in some salts and plant material were obtained, initially, by emission 


flame photometry, as the amounts of sodium in salts were progressively reduced, results by 


emission methods became unsatisfactory due to the relatively large effects of interference by 


other ions 


Results are given of tests made with the “Si-ro-spec”’ atomic absorption instrument, in 


which minute quantities of sodium were estimated in highly concentrated solutions of salts of 


culture solutions, in boiling water and in acid digestion extracts of plant material. It appears 


that the effects of interference from other substances are not appreciable in these estimations 


until the viscositv and/or the density of the solutions become great enough to reduce the rate 


at which the sample is introduced into the flame 


Analysis of metals and alloys using atomic absorption spectroscopy: 1}. M. (:arrnouse and 
\. WALSH 


Metals and alloys can be analysed by the atomic absorption method if the sample is first 


dissolved and the solution atomized into a flame. To obtain the highest sensitivity it is desirable 


to avoid the initial dilution involved in solution methods and this can only be achieved by 
analysis of the sample in the solid state. Atomic vapour can be produced directly from a metal 
surface by sputtering, and some preliminary experiments indicate that this approach has 
attractive possibilities. Measurement of the absorption of atomic vapours produced in this 


manner often requires modification of the technique used in flame methods. 


A photographic spectrograph in the steel industry: J. H. Savacr 


The analytical requirements of routine control in the steel industry are described and the 
part which can be played by photographic spectrographs discussed. The equipment recently 
installed at Port Kembla is described and the desirabl aspects of such equipment discussed 
from the point of view of accuracy, speed, ease of maintenance, operator fatigue and safety. 
Among direct -reading equipment, the contribution which could be made by vacuum instruments 


mphasize d 


The influence of pulse shape on some spectral characteristics of pulsed discharges: .). M. Nowss. 


During an investigation into the spectral characteristics of low-voltage pulsed discharges 


used to excite spectra from metals and alloys, it was noted that pulses with the same duration 


and dissipating the same electrical energy, but with different current—time waveforms, produced 


different spectra characteristics. For instance, pulses with a “‘half-sine’’ waveform were found 


to excite impurity lines in a copper spectrum with greater intensities than did pulses with an 


exponential vavetorn 


This lead to further investigations which were designed (1) to study the phenomena occurring 


in the are gap when subjected to pulsed discharges of various shapes, using time-resolved 


spectroscopy, and (2) to determine the most efficient pulse shape which could be used for the 


excitation Of a particular a 


These investigations showed that the migration of metal vapour across an are gap, after 


initiation of the discharge, was considerably slower than had been expected, being of the same 


order as the duration ! a puls 1-3 msec). The List ofa waveform which provides peak energy 


when there is maximum vapour in the gap is therefore indicated for efficient excitation. 


In the paper to be presented, the spectral characteristics of pulses with waveforms ranging 


from exponential to rectangular will be outlined and the application of special types to the 


spectrochemical analysis of metals and alloys discussed 
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Sixth Ottawa Symposium on Applied Spectroscopy 


THE Sixth Ottawa Symposium on Applied Spectroscopy was presented in Ottawa, September 
14, 15 and 16, 1959. The annual meeting of the Canadian Association for Applied Spectroscopy 


was held in conjunction with the Symposium. The officers elected for 1960 are: 


President: W. J. Forsyth, Esq., c/o Aluminium Laboratories Ltd., Arvida, Quebec. 
Vice-President: R. A. Burley, Esq., c/o Northern Electric Co., Lachine, Quebec. 
Secretary- Treasurer: L. R. Pitwell, Esq., c/o Dominion Magnesium Ltd., Haley, Ontario. 


Plans for the Seventh Ottawa Symposium are presently under way. Any inquiries regarding 
the Seventh Symposium should be directed to the President, Mr. W. J. Forsyth. 
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NOTICES OF MEETINGS 


ASTM Joint Spectroscopy Symposium 


Tue American Society for Testing Materials through its committee E-2 and E-13 
will sponsor a spectroscopy symposium in San Francisco from October 12 to 15. 
Unsolved problems in spectroscopy will be stressed. The program of invited and 


contributed papers in the fields of optical and X-ray spectroscopy is as follows: 


OPTICAL EMISSION SPECTROSCOPY 


J. R. MeNatry, Jr. (Oak Ridge National Laboratorv): Challenges in atomic spectroscopy. 
J. Conway (Lawrence Radiation Laboratory, University of California) Spectroscopy of 
radioactive materials. 


). L. Fry (General Motors Research Laboratory): Communications in spectrochemical analysis. 


B. L. VaLiee (Harvard Medical School): Selected topics in flame photometry 
P. T. (Beckman Instruments, Inc.): Analytical flamy photometry: new developments. 
B. E. Bue. (Union Oil Company): Special problems in the determination of TEL in gasoline 


by flame photometry. 


ULTRAVIOLET AND INFRARED ABSORPTION SPECTROSCOPY 

M. K. Wirsown (Tufts University): Selected topics in infrared spectroscopy. 

W. J. Porrs (The Dow Chemical Company): Some of the problems facing chemical infrared 
spectroscopy today. 

L.. A. Strarr (University of California Medical Center): Sample handling in infrared spectro- 
scopy. 

RK. F. Rosey (Esso Research and Engineering): Ten years of aid to applied spectroscopy by 
committee E-13. 


J.M. VANDENBILT (Parke, Davis & Co.): Problems in ultraviolet absorption spectrophotometry. 
W. I. Kaye (Beckman Instruments, Inc.) Spectroscopy in the region 175-200 m 


W. F. Forses (University of Newfoundland): Band nomenclature for ultraviolet absorption 
spectra of conjugated systems. 


N. D. CoccesHatt (Gulf Research and Development Co.): The combination of techniques in 
hydrocarbon analysis 


R. R. Brarrary (Shell Development Company): Report on three European spectroscopy 
meetings in 1959. 


tga (California Research Corporation): Molecular spectroscopy in the U.S.S.R. 


I 
R. A. Frrepet (U.S. Bureau of Mines): Ultraviolet spectroscopy. 


X-RAY FLUORESCENCE SPECTROSCOPY 
J. W. Kemp (Applied Research Laboratories): The future of X-ray fluorescence instrumentation. 
ApLerR (U.S. Geological Survey): Application of X-ray spectroscopy to unsolved problems 
in geochemistry. 

L. S. Birks (U.S. Naval Research Laboratory): Basic practices in X-ray fluorescence. 

E. A. Curtey (Riverside Cement Co.): Quantitative light element analysis, Fe to Mg, for 
Portland cement by X-ray spectroscopy. 
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Notices of meetings 


Eleventh Pittsburg Conference on Analytical Chemistry and Applied Spectroscopy 


THe Eleventh Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy, 
sponsored by the Analytical Chemistry Group of the Pittsburgh Section of the American Chemical 


Society and the Spectroscopy Society of Pittsburgh, will be held at the Penn-Sheraton Hotel. 


Pittsburgh, Pennsylvania, during the week 29 February—4 March 1960. Symposia on Molecular 


Fluorescence Spectroscopy, Application of Infra-Red Spectroscopy to Trace Analysis, X ray 
Fliorescence spe troscopy and Nuclear Magnetic Re sonance are planne ad In addition to these 
symposia, papers are invited in all fields of spectroscopy and analytical chemistry. 

The number of papers included in the program will be limited. All the papers will be evaluated 
by the Committee before acceptance. Correspondence regarding papers should be submitted in 
duplicate to: Mr. James E. Paterson, Program Chairman, The Pittsburgh Conference, Jones 
and Laughlin Steel Corp.. Graham Research Laboratory, Pittsburgh 30, Pa. The absolute 


deadline for titles and abstracts is 15 October 1959. 


Annual Meeting of ASTM Committee E-14 on Mass Spectrometry 


Tue Eighth Annual Meeting of ASTM Committee E-14 on Mass Spectrometry will be held 
26 June—1l July, 1960 in Atlantic City, New Jersey. Topics in mass spectrometry will include 
fundamental and applied research and development and analytical methods. 

Abstracts of papers should be sent to Dr. Vernon H. Dibeler, Mass Spectrometry Section, 
National Bureau of Standards, Washington 25, D.C. by | February 1960. 
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ANNOUNCEMENT 


Tue following translations are available: 


Transactions of the Second All-Union Conference on X-ray Spectroscopy (Moscow, 
January-February 1957). 134 pp. Translated from the Bulletin of the 
Academy of Sciences of the USSR, Physical Series, Vol. 21, No. 10 by 
Columbia Technical Translations, White Plains, N.Y., 195s. 


Transactions of the First Conference on the Spectroscopy of Light-scattering 
Media (Moscow, March 1956). 77 pp. Translated from the Bulletin of the 
Academy of Sciences of the USSR, Physical Series, Vol. 21, No. 11 by Columbia 
Technical Translations, White Plains, N.Y. 
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BOOK REVIEW 


J.D. Rosperts: Nuclear Magnetic Resonance—Applications to Organic Chemistry. Mc(iraw-Hill, 
New York, 1959. viii + 118 pp. $6.00. 


ONE must be grateful for any book on high resolution nuclear magnetic resonance. For, as 
Professor ROBERTS says in his introductory paragraph ““The development of nuclear magnetic 
resonance spectroscopy ... is now recognized as one of the most important events in the last 
fifty years for the advancement of organic chemistry’. This review, therefore, in spite of certain 
reservations, includes the traditional sentence advising all persons interested in organic chemistry 
and nuclear magnetic resonance to read the book. 

The purpose of the book is to introduce the organic chemist to the use of NMR in the identifi- 
cation, characterization and study of organic compounds and to describe some of the resonance 
phenomena in language suitable for the organic chemist. In this the author has been largely 
successful, although the book, developed from a set of lecture notes, is not meant to be a 
definitive treatise on even this aspect of NMR. Its main shortcoming is the sketchy treatment 
given to several important topics. The discussion of the chemical shifts will be especially 
frustrating to the chemist looking for explanations. It is true that the theory is still in its 
infancy, but a more positive statement of even this fact would have been valuable. Very few 
shift measurements are given, although a critical review of the literature would have produced 
quite a few accurate enough to be useful to the chemist correlating spectra with structures. 
There is some mention of the difficulties encountered in the proper referencing of spectra, but 
the reader is not warned of the many systems of referencing, with different units, zeroes, scale 
factors and sign conventions, that he will find in the literature. There is one especially confusing 
set of similar spectra on the facing pages 38 and 39. On page 38 the magnetic field increases 
from right to left and the zero of the scale is at the benzene peak. On page 39 the magnetic 
field increases from left to right and the zero is apparently determined by an external water 
reference. 

Only one typographical error likely to cause confusion was noted. The heading of column 
four of Table 1-1 should be ‘““Mc/10 kgauss”. The same column, incidentally, tells us that we 
must use negative mega-cycles if we wish to observe N© or O!7 resonances! 

One of the best features of the book is its inclusion of very recent information. In particular, 
the discussions of restricted rotation and molecular asymmetry effects and of the spectra of some 
large molecules are excellent illustrations of the uses being made of NMR spectra. 

The set of problems with which the book closes is irresistible. They quickly lead the student 
to a better understanding of the usefulness of NMR in structural analysis than he could achieve 
by reading many chapters of examples and explanations. 

In summary, the book is an up-to-date review of the high resolution proton magnetic 
resonance spectra of liquids and some of its applications, and is the best available introduction 
to the field for the organic chemist, but it is too brief and limited in scope and depth to have 
more than ephemeral value. 


P. C. LAUTERBUR 
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Papers to be published in future issues 


NEWMAN, 8S. R. Poco and M. Kent Witson: Infra-red spectra of SiF,H, SiF,D, SiD,F and 
SiD,Cl 
KE. ALLAN: The determination of iron and manganese by atomic absorption 
G. SNyDER: On the infra-red spectrum of dibenzene chromium 
Coates: A simple grating-prism dispersive arrangement which provides improved resolution 
over a wide spectral range 
J. Cyvin: Vibrational mean-square amplitude matrices —I 
J. Cyvin: Vibrational mean-square amplitude matrices—I1 
SCHULER und M. StockBurGER: Uber das Benzylradikal und einige substiuierte Benzvradikale 
J. Russet and A. WaLsH Resonance radiation from a hollow cathode 
GALATRY: Interpretation des modifications induit: sparun solvant non polaire sur le spectre 
de vibration d'un gaz polaire 
Liprert: Polarisations- und Relaxations-Effekte in der Temperaturabhangigkeit von 
Absorptions und Fluoreszenzspektren aromatischer Verbindungen in polaren Lésungmitteln 
C. FARMER: Spectra and structure of 4-hydroxycoumarins 
W. Herscuer: A double-beam automati prism-grating infrared spectrophotometer 
V. Pustincer, W. T. Cave and M. L. Nrevson: Infrared spectra of inorganic phosphorus 
compounds 
L. ANGELL, P. J. Kruecer, R. Lavzon, L. C. Lerren, K. Noax. R. J. D. and R. N. 
JONES 1 he carbonvl strete hing tre quency oft l ntanone 
Pouter et J. P. Maruret Spectres de vibration des cristaux piezoélectriques VII 
iprocvanure de potassium (1) 
T. N. Tamiya, K. Fuxkusaima, T. and 8S. Mizusuima: 
of deuterated x-amino acids N H.-CDRCOO Assignment of the absorption 
hands 
N. Nopss A device for recording time-resolved spectra from pulsed discharges of long 
luration 


TERENIN and L. Roev: Infrared spectra of nitric oxide absorbed on transition metals. their 


and oxides 
ational mean square amplitude matrices—III. Application to some linear 
molecules 
F. HALVERSON and F. T. Kune Ultraviolet absorption spectra of derivatives of 
triazine Il The guanvl melamines 
ind K. R. Fréuner: Die nieck rfrequenten Ramanlinien eines Phenol-Kristalls 
ind M. Srocksurcer: Uber den innermolekularen Prozess der Molekilabspalt ung 
rten aromatischen Molekiilen 


rand R. F. Maskowskt: The effects of oxygen on line intensities during spark 
‘oeal curve and performance of the spec trograph The method of separation 


‘ocal curve and performance of the spectrograph —Il. The theory of comatic 
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Infrared spectra of SiF,H, SiF,D, SiD,F and SiD,Cl* 


C. NewMAn,* 8. R. Potot and M. K. Witson§ 
Mallinckrodt Chemical Laboratory, Harvard University, Cambridge Massachusetts 


(Received 11 May L959) 


Abstract—The infrared spectra of SiF,H, SiF,D, SiD,F and SiD,Cl have been obtained under 
prism dispersion and an assignment of fundamental modes has been made. 


Introduction 
As a part of a program for the study of the vibrational spectra of silicon compounds 
[1-4] the infrared spectra of SiF,H, SiF,D, SiD,F and SiD,Cl have been obtained. 

The infrared spectra of SiD,F and SiD,Cl have been reported by ANDERSEN 
and Bak [5], but to the writers’ knowledge no previous spectra have been published 
for SiF,H or SiF,D. 

Experimental 

SiD,Cl and SiDCl, were prepared by the reaction of SiD, with DCl using Alt ‘l. 
as catalyst, according to the method described by Stock and Somresxt [6]. SiD, 
was prepared by reducing SiCl, with LiAID, [7], while the DCl was obtained by 
the reaction of D,O with SOCI, [8]. The DCI usually contained about 5 per cent 
HCl. SiD,Cl was prepared by heating 2 vols. of SiD, with 1 vol. of DCI at 200°C 
for 3 hr. Several distillations from a bath at —100°C resulted in a sample of 
SiD,Cl which had only a trace of SiD,Cl, impurity. 

The SiDF, was obtained by fluorinating with SbF, [5] the mixture of SiDCl, 
and SiD,Cl, obtained from the reaction of 4 vol. of DC] with 1 vol. of SiD,. It 
was not practical to fractionate the small quantity of material obtained, and thus 
the sample of SiDF, used to obtain the spectrum contained considerable SiD,F,. 


2 
> 


A similar fluorination of SiD,Cl also resulted in a product which contained some 
SiD,F,. 

The infrared spectra were obtained with a Perkin-Elmer model 12C spectro- 
graph modified for double-pass operation, equipped with CaF,, NaCl, KBr and 


CsBr prisms and a Perkin-Elmer model 21 spectrophotometer equiped with 


NaCl and KBr prisms. Absorption cells 10 em in length with KBr windows were 
used, 


* This work was supported in part by the United States Air Force under Contract AF 18(600)—590, 
monitored by the Office of Scientific Research 

+ Present address: Western Reserve University Medical School, Cleveland, Ohio. 

* Present address: RCA Laboratories, Princeton, New Jersey. 
§ Present address: Tufts Universitv, Medford, Massachusetts. 
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Experimental results and discussion 
The observed frequencies and their assignments for SiF,H and SiF,D are 
listed in Table 1, those for SiH,F and SiD,F in Table 3, and those for SiH,Cl and 
SiD.Cl in Table 4. The observed spectra of SiF,H and SiF,D, SiD,F and SiD,Cl 
are shown in Figs. |, 2 and 3, respectively. 


Table 1. Vibrational frequencies of SiF,H and SiF,D 


Obs treq Obs freq. \ssigniment 


Intensity (em™') Intensity 


B05 

425 

845 

2315 

S47 
1154 
1165 
1267 
1286 
1706 
1718 
1834 
1854 
$144 
3171 
3310 


$5400 


All of these molecules exhibit C,, symmetry and have six fundamental fre- 
quencies, three totally symmetric, a,, and three doubly degenerate, ¢. The a, 
modes vield parallel-type bands with PQR contour. The degenerate modes may 
have a variety of band shapes depending upon the value of the particular Coriolis 
coupling coefficient, (,. If ¢, ~ (1 B/A), the envelope will resemble closely 
that of a parallel-type band 
SiF,H 

The structural parameters of this molecule are known from measurements of 
the microwave spectrum [9]. These values when applied to the approximate 
equation of Gernarp and DENNISON [10] vield 30 cm~! as the spacing between 
the maxima of the P and R branches in the parallel-type fundamentals. As 


0) G. A. Hearn, L. F. Tuomas and J. Sueripanx, Trans. Faraday Soc. §0, 770 (1954). 
10) S. L. Gerwarp and D. M. Dennison, Phys. Rev. 4, 197 (1933 
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Infrared spectra of SiF,H, SiF,D, SiD,F and SiD,CI 


indicated in Fig. 1, there are four bands with PQR structure which occur in the 
region expected for fundamentals. The band at 859 em~' is overlapped on the 
low-frequency side by 2», and the band at 425 em~! has the P-branch obscured by 
a strong band of the ever-present SiF,. In both cases the Q—R spacing is about 


lsem~'. If the bands are assumed to be symmetrical, the P—R spacing is as 


predicted. The bands at 2315 em! and 306 cm— also have the proper spacing. 


As this molecule can have only three parallel-type fundamentals, one of the 


above bands (if it is a fundamental) must be a perpendicular type with ( ~ (1 
B/A). 


The band at 2315 «m~' is obviously the Si—H stretching mode. vy, In SiF, 


[11] the totally symmetric Si—F stretching mode occurs at 800 em-! and the 


triply degenerate mode at 1031 cm~'. PF,, which is isoelectronic with and has 


the same mass as SiF,H, has the corresponding frequencies at 892 em-! and 


860 cm~', respectively. The parallel-type band in SiF,H at 859 em— is accordingly 


assigned as the symmetric Si—F stretching mode, Vo(@,). 


The deformation modes in SiF, [11] appear at 390 em— (vy,) and 268 cm"! 


(v,). Thus, the bands at 425 and 305 em~! in SiF,H must be primarily bending 


modes. However, as they have similar shapes, the assignment has to be made on 


other considerations, namely, the magnitude of the frequencies. In PF, and a 


large number of other molecules related to SiF,H, the lowest frequency is an 


¢-type vibration. Thus, »,(a,) is assigned as 425 


The above discussion leads to the assignment of the 305 em-! band as »,(e). 


6 


Since the shape and P-R spacing of this band are identical with those of the 


parallel bands, it follows that Av, ~ 0 and (, ~ | BA 0-74. As the zeta 
sum-rule for XYZ, molecules is C, B/2A, 1-60. Both 


zetas are considerably greater than | —B/A and, hence, doublet structures are 
to be expected for both vy, and y,. In SiD,H [12] the Si—H bending fundamental is 
at 851 cem~'. Therefore the doublet band at 844 cm~! in SiF,H is assigned as the 
Si—H bend, »,(¢) and the doublet at 999 em~ as the Si—F stretch. v,(e). The 
isotope shifts confirm this assignment for in SiF,D the corresponding bands are 


at 629 and 994 cm~!, respectively. Table 1 also contains an assignment of the 


combination and overtone bands observed for SiF,H. 


SiF,D 


The assignments for SiF.D given in Table 1 were made on the basis of band 


shapes as well as band location. Although the spectrum given in Fig. | is badly 


overlapped by stronger SiF,D, bands, an unambiguous assignment could be made. 


Further confidence in the assignment of fundamentals listed in Table 1 is given by 


the agreement with the product rule illustrated in Table 2. 


SiD,F 


Table 3 contains our assignment of fundamentals for SiD,F and SiH,F as well 


as assignments due to other workers. Because of the small sample available, no 


A. Jones, J. 8S. P. J. H. Wourz and A. H. Nrecsen. J. Chem. Phys 19, 242 (1951 
[12] J. H. Meat and M. K. Witson, J. Chem. Phys. 24, 385 (1956 
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Table 2. Isotope product rule 


Obs. 


vy 9,(SiF,H ) 


pp (Sik 
iF,D) 


3! 


V Sil dof 1) 


Table 3. Fundamental vibrational frequencies of SiH,F and SiD,F 


Observed frequencies 


(cm 


Assignment 
SiH,F SiD,F 
(b) (b) 


2206 2215 20 1610 1577 
gon (1350) 959 SSS 
872 874 SSH 704 

2196 2215 20 1570 1615 
943-4 980 704 (764)* 
728-1 739 (506)* 549 


(a) Reference [4 
(b) Reference 
(c) Present work. 
* Calculated from the product rule 


attempt was made to observe overtones or combination bands. Assignments 
were made on the basis of band positions and band shapes. As indicated in Table 
2 the agreement between calculated and observed values of the product rule 
confirm the assignment. It is possible to attribute the assignment of the previous 
workers to lack of sufficient resolution and to impurities. For example, the band 
which they list as weak and assign as rv, is the b, Si—F stretching mode of SiF,D,. 


| | Calc. 

SiF,H 

(a) 1-39 1-41 

(e) 1-36 1-35 

SiH,F 

(a;) 1-93 1-94 
e) 2-28 

SiH,CI 

(a;) 1-93 1-91 

(e) 2-40 

195 

(a,) 

v.(e) 
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Infrared spectra of Sik ,H, Sik ,D, SiD,F and SiD,Cl 


SiD,Cl 


Assignments for both SiH,Cl and SiD,Cl are contained in Table 4. The varia- 
tions between the assignments given for SiH,Cl have been discussed in reference 
[4] and will not be repeated here. The assignment given previously for SiD,C] 
was presumably hampered by lack of resolution and the incorrect assignment 
previously given for SiH,Cl. It is possible that the band at 848 em-! which was 
assigned as y,(a,) is due to the likely impurity SiD,HCI. We observed an impurity 
band at about 845 em! which showed a variation in intensity identical with an 
Si—H_ stretching frequency at 2200cm-!. The SiD, deformation vibration. 
v;(€), was not observed in the present work and the value of 734 cm~ listed in 
Table 4 was obtained from the product rule. The corresponding band in SiD,F 
was also weak, 


Table 4. Fundamental vibrational frequencies of SiH,6 | and SiD,Cl 


Observed frequencies 
(cin 1) 
Assignment 
SiH,C! 
(b) 


2195 2201 1619 158] 
944 S48 702 
not obs. 551 not obs. 538 
2195 L584 1616 
954-4 696 (734)* 
664-0 not obs 


(a) A. Monrits, J. Chem. Phys. 19, 138 (1951); ¢ ompt. rend. 236, 795 (1953 
(b) Reference | 4 
(c) Reference {5 
d) Present work 
* Calculated from product rul 


During the course of this work attempts were made to prepare pure samples 
of SiH,F,, SiD,F, and SiD,Cl,. These attempts were only partially successful 
and no reliable assignment of fundamentals can be given at present for these 
molecules. However, the location of the strong bands due to these molecules 
was an immense help in sorting out the spectra of the related (’,,, molecules in 
whose spectra the bands of the above molecules usually appear as impurities. 
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The determination of iron and manganese by atomic absorption 


J. E. ALLAN 
Department of Agriculture, Rukuhia Soil Research Station, 


Hamilton, New Z 


iland 


May 105% 


The determination of iron and manganese by atomic absorption is described in detail. 


Abstract 


It is shown that the most sensitive lines in absorption are Fe 2483-3 A and Mn 2794-8 A, and 


that when these lines are used, the atomic abs« rption method gives accurate results simply and 


reproducibly and can with advantage be employed for the determination of the two elements. 


Introduction 


THe principles of the atomic absorption method of analysis, in which the concen 


tration of an element is determined by spraying a solution into a flame and 


measuring, at a characteristic wavelength, the absorption of light by the atoms of 


the element, have been described and discussed by Watsu and his co-workers [1, 2}. 


ALLAN, in a paper which will be referred to here as ‘the earlier paper’, has 


described in detail the factors affecting the practical application of the method, 


particularly with regard to the determination of magnesium [3]. In the present 


paper, the determination of iron and manganese is described and points of particu 


lar application to these two elements discussed. 


Choice of absorption lines 


The first point of interest lies in the choice of the wavelength to be used, as in 


complex spectra it is not immediately apparent which line will be the most 


sensitive in absorption. 


Proce du re 


The following procedure was used. An air-acetylene burner was placed between 


a hollow cathode lamp (iron or manganese) and a Hilger medium spectrograph, so 


that the light from the lamp passed through the flame before entering the spectro- 


graph. Distilled water was then sprayed into the flame and an exposure made. 


Successive exposures, of the same duration, were then made while a series of 


standard solutions containing iron (7-5—500 p-p-m.) or manganese (2-25 p.p.m.) 


was sprayed into the flame. 


On the same plate and under the same conditions a similar series of spectro- 


grams of the flame alone were recorded, so that corrections, if necessary, could be 


made for the emission of iron or manganese from the flame. 


Exposure times and types of plates were chosen to give lines suitable for 


microphotometry and the plates were calibrated in a conventional way. 


1} A. Waisu, Spectrochim. Acta 7, 108 (1955 
2| B. J. Russewy, J. P. Swevtron and A. Wa sn, Spectrochim. Acta 8, 317 (1957 
31 J.E vilyst 83, 466 (1958). 
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The determination of iron and manganese by atomi absorption 


The spectrograms were examined and the lines in the spectra obtained while 
distilled water was sprayed into the flame were compared with those in the spectra 


obtained while the iron and manganese solutions were sprayed. 


Re sults 


Tron. In the case of iron, the intensity of the emission from the hollow cathode 


lamp was so much greater than that from the flame at wavelengths below 3000 A. 


that the latter could be disregarded, but for lines above 3000 A a small correction 


for flame emission was necessary. The lines showing weakening due to absorption 


were identified and it was found that these were all members of the eight strongest 


multiplets ending in the ground state. (For the classification of the iron and 


manganese spectra, see references [4] and [5]). For these lines the optical density, 


log J,/1 was calculated and plotted against the concentration of the solutions. 


In Table | are listed the concentrations of iron necessary to give a density of 0-1 


Table 1. Relative sensitivity of various iron and manganese 


lines in absorption 


Mult iple t 


2720-00 


2966-90 a Dai? 23 
3020-64/-50 a Dap D® 
3440-61 a® P® 55 
3719-94 a® P® 19 
3859-91 a’ 1) 


Vanqanese 


2794-82 a®*S—if P® 1-3 
2798-27 P® 1-7 
2801-08 a°®S—7° P® 7 


~6 


1050-76 


for the strongest lines in these multiplets. From these results it can be seen that 
the strongest absorption is shown by the line at 2483-27 A of the a°D-2°F 


multiplet. In Fig. | is shown a portion of the iron spectrum with the lines of the 


two strongest absorbing multiplets identified. The hollow cathode lamp spectra 


were taken through a Lundegardh flame into which distilled water. a solution 


containing 200 p.p.m. Fe and a solution containing 1000 p.p.m. Fe were sprayed 


4} C. E. Moore, A Multiplet Table of Astroph cal Interest Pt. 1. Princeton University Observatory 
(1945). 
[5 C. E. Moore, An Ultraviolet Multiplet Tabli U.S. National Bureau of Standards Circ. 488, Sect. 2 


(1952). 
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J. E. ALLAN 
successively. Weakening of the various lines with increasing concentration of iron 
can readily be seen. 


Manganese. Of the lines ending in the ground state in the manganese spectrum, 
only the two strongest multiplets were observed in the radiation of the hollow 
cathode lamp used. The emission from this lamp was weak and in the case of the 
group of lines at 4030 A was no stronger than that from the flame alone, when a 
solution containing about 12 p.p.m. Mn was being sprayed. It was therefore 
necessary to correct the measured intensities for the flame emission before the 
absorption could be calculated. At 2800 A, however, the flame emission was 
negligible and no correction to the lines at this wavelength was necessary. Although 
no great accuracy is claimed for the results for the line at 4030 A, on account of 
the small amount of absorption and the large correction for flame emission neces- 
sary, it is apparent that the a*S—7°P° multiplet, of which the line at 2794-8 A is 
the strongest line, is by far the most sensitive in absorption. 


Di SCUASLON 


At the relatively low temperature of the flame, only a small proportion of the 
total number of atoms are excited to higher states [1]. This, together with the 


circumstance that relatively low concentrations of the elements were sprayed 
into the flame, made it unlikely that lines ending in a state above the ground 
state would show absorption to a measurable extent, and it is not surprising that 
absorption was observed only in lines ending in the ground state. 

It is generally assumed that, of the lines ending in the ground state, the strongest 
line in the emission spectrum will also be the strongest absorption line. For iron 
and manganese these lines are 3720 A and 4030 A, respectively, both of which 
have been used for atomic absorption measurements [2,6]. While it is known 
that in the simple spectra of some of the Group I and II elements, the strongest 
emission line has in fact the highest oscillator strength and is the strongest absorp- 
tion line, this is not necessarily so in the more complex spectra of the heavier 
elements. Hitt. and Kine {7}, for example, measured the relative oscillator 
strengths of a large number of chromium lines and found that the line at 3578 A 
has the highest oscillator strength and is the strongest in absorption, whereas the 


line at 4274 A is the most intense in emission. They considered that the greater 
intensity of the line at 4274 A was caused by the greater number of atoms excited 
to the upper level of that line compared with the number excited to the upper level 
of the line at 3758 A. combined with effects due to the difference in wavelength. 

It is apparent, from the results reported here, that the same phenomenon occurs 
in the spectra of iron and manganese 


The determination of iron and manganese 
lppa atus and method 
The genera! arrangement and operation of the apparatus was similar to that 


used for the determination of magnesium and already described in detail in the 
earlier papel 


6; Anon, Hilger Research Report BRA. Hilger and Watts (1955) 
\ J. Hint and R. B. Kine, J Sot lon 41, 315 (1951 
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Fig. 1. 


Portion of iron speetrum with the strongly absorbed lines identified. (a) Lron are. 
b) Hollow cathode lamp, taken through Lundegardh flame while distilled water was 
sprayed. (c) Hollow cathode lamp, taken through Lundegardh flame while an iron 
solution (200 p.p.m.) was sprayed. (d) Hollow cathode lamp, taken through Lundegardh 
flame while an iron solution (1000 p.p.m.) was sprayed. 
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The determination of iron and manganese by atomic absorption 


For the determination of iron and manganese the spectrograph was fitted with 
a variable exit slit and photomultiplier assembly which could be set to intercept 
the line to be used. The entrance and exit slit widths used were approximately 


O-l mm, 
The burner, which was of the fish-tail shape, had an opening 12 cm long by 


0-07 em wide and gave a rectangular flame about 11—12 cm in leneth when used 


with 1-21. of acetylene and 81. of air per min. The atomizer was the modified 


Lundegardh type mentioned in the earlier paper. As a light source for iron, a 
Hilger & Watt hollow cathode lamp with an iron cathode was used. An operating 
current of 60 mA was necessary to ensure that full scale deflexion could be obtained 
with the 2483 A line, which is not very intense. No warm-up period was necessary 


with this lamp. 
For manganese, a Hilger & Watt lamp with a manganese—copper cathode was 
used. The emission from this lamp was weak and the spectrum consisted of the 


manganese and copper lines superimposed on a continuous background. As it 
was found that the line/background ratio increased with the current, the lamp 
was operated at 45 mA for routine work, the maximum rated current being 
50 mA. As was the case with the magnesium—aluminium lamp used earlier, the 


manganese—copper lamp required a warm-up period of at least 30 min before the 


intensity became stable. 
The power supply, measuring circuit and the method of making the absorption 


measurements were identical with those described in the earlier paper. In routine 
analytical work standard solutions are run before and after each set of samples. 


Results and discussion 


Sensitivity. Curves A and B in Fig. 2 show the relationship between absorption 
and concentration obtained for Fe 2483-3 A and Mn 2794-8 A with the present 
equipment. The factors affecting sensitivity have been fully discussed in the 
earlier paper and need not be further referred to here, except to say that in the 


determination of the present two elements, the resolution of the monochromator 
is likely to be a limiting factor. It can be seen in the iron lamp spectra in Fig. | 
that there are two weak lines about 0-5 A away from the 2483 A line, and two 
stronger lines about 1-0 A distant. The instrument used for this work was not 
capable of resolving the 2483 A line completely from its neighbours and hence the 
maximum sensitivity was not achieved. Curve C was obtained by recording the 
spectra on a plate and calculating the intensity of the 2483 A line from micro- 
photometer readings in the normal way. Under these conditions, the line was 
completely resolved, so that the curve represents the result that could be realized 


with a monochromator of sufficient resolution. 

In the case of manganese, while resolution of the 2794-8 A line from its nearest 
neighbour, 2798-3 A could be achieved, the sensitivity of the results was greatly 
reduced by the presence of the continuous emission from the lamp. Curve D, 
obtained in the same way as curve C, represents what could be approached with 


improved resolution, and what could be readily obtained by the use of a light 
source free from continuous emission. It can be seen from a comparison of curves 


| 
we 


Moangonese and iron concentratior pom 


telationship between absorption and concentration 
2483-3 A measured with a photom utiplier tube 
\ measured with a photomultiplier tube oe 
2483°3 A measured on a phot graphic plate VULie 
n 2794-8 A measured on a photographi plate. } 5 


Band P that approximately 35 per cent of the light passed by the monochromator 
was background radiation rather than the 2794-8 A line. 
Reproducibility. A set of solutions containing from 2-5 to 125 p.p.m, of iron 


and 0-5 to 25 p.p.m. of manganese was analysed twenty times. The following 


coefficients of variation were obtained. 


fron (p.p.m 
Manganese (p.p.m 


Accuracy. A solution containing 10 p.p.m. each of iron and manganese and 
3000 p.p.m. of potassium, 3000 p.p.m. of calcium, 1000 p.p.m. of sodium, 1000 
p-p.m. of magnesium and 500 p.p.m. of phosphorus gave the same absorption 
readings as one containing 10 p.p.m. of iron and 10 p.p-m. of manganese only. 
The added elements were present in amounts which would occur in a solution 
obtained by dissolving in 20 ml the ash from lg of a plant “high” in these 
elements. This complete lack of “radiation”’ interference is in marked contrast to 
the situation that occurs in flame emission methods. as the most sensitive emission 
lines, manganese 4030 A and iron 3720 A, are in a region of the spectrum where 
there is strong continuous and band emission from such elements as potassium, 
magnesium, calcium and sodium, so that large background corrections are necessary. 
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The determination of iron and manganese by atomic absorption 


It is, of course, essential to ensure that standard and sample solutions are 


sufficiently similar in properties affecting atomization. It has been found in 
work with plant digests, for example, that while the presence of 2 ml of 72°, 
perchloric acid in 20 ml of solution has no measurable effect on the absorption, 


the presence of 5 ml reduces the apparent manganese or iron concentration by 
about 7—8 per cent when standards in 0-1 N HCl are used. 

Application. In this laboratory, work is mainly concerned with the analysis of 
agricultural materials. Soils, soil extracts and plants have been successfully 
analysed for manganese and iron by the atomic absorption method, and in Table 


2 are given results for duplicate determinations and recoveries of iron and man- 


Table 2. Duplicate and recovery results for the determination of iron and manganese in piant 


samples by atomic absorption 


Iron Manganese 


‘ Recovery O tecovery 
rig. rig. 
Expected Found (ug) Found 
(wg) 
(ug) (ug) (ug) (ug) 


Ryegrass 130 255 78 184 
130 270 79 184 
. 84 


White 


clover 


Paspalum 


ganese from three different plant samples. The solutions for analysis were prepared 
by digesting | g samples of the dried ground plant with 20 ml of a mixture of | 


part 60°, HClO, and 5 parts cone. HNO,. When the digest was clear, it was 
reduced in volume to under 2 ml, cooled, made to 20 ml with water and filtered. 


The duplicate results refer to duplicate digestions. For the recoveries 140 yg of 


iron and 100 wg of manganese were added to the | g samples before digestion. 


Conclusions 


It can be concluded from this study that the most sensitive absorption lines 
for iron and manganese are 2483-3 A and 2794-8 A, respectively, and that when 


these lines are used the atomic absorption method can be successfully applied to 


the determination of these elements. Although the method is not as sensitive as 


some colorimetric methods, its freedom from interferences, and its rapidity and 


simplicity make it particularly convenient and attractive. 
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Note added in proof 

Since this paper was written a second Hilger & Watts manganese lamp has been 
used. The emission from this lamp was found to have a somewhat higher line— 
under 
the same conditions as curve B in Fig. 2 the value of log /,// for 25 p.p.m. 


background ratio, and greater sensitivity was obtained for manganese, e 


manganese was 0-82. With another type of manganese lamp, for which the writer 
is indebted to Mr. A. Watsu, C.S.1.R.0., Melbourne, background emission could 
not be detected and a curve was obtained for manganese very similar to curve 
D in Fig. 2 (log J,/7 equalled 1-0 for 15 p.p.m. manganese). 
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On the infrared spectrum of dibenzene chromium 
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Abstract—The infrared spectra of Cr(CgH,), and Cr(C,D,), in the region 3500-350 em™! are 
reported, Symmetry valence force constants have been calculated from the observed frequencies 


of infrared active normal modes and have been compared with analogous constants for benzene 


and ferrocene. Carbon—carbon stretching and out-of-plane hydrogen bending modes give con- 


stants which are nearer those of ferrocene than those of benzene. It is found that the strength 


of the ring-metal bonds for dibenzene chromium and ferrocene are very similar. The observed 
infrared spectra are consistent with the sandwich structure of dibenzene chromium. 


Introduction 
THis paper concerns the infrared spectra of dibenzene chromium and dibenzene 
chromium-d,,. Although some vibrational assignments for this compound have 
been made here, these are not in themselves the subject. It is the rather limited 


purpose of this paper to compare the spectrum of dibenzene chromium with the 
spectrum of ferrocene, both with respect to the aromaticity of the molecules and 
the strength of their ring—metal bonds and with the spectrum of the free benzene 
molecule to show in this latter case the extent to which the vibrational levels are 
perturbed in going from the unbonded to the bonded ring. Fortunately, the 
vibrational spectrum of benzene has been fairly well interpreted [1] and that of 
ferrocene has been elucidated in a recent publication [2]. As a by-product of this 
work, further support for the ‘‘sandwich”’ structure of the molecule has resulted 
in that the absorption spectrum is consistent with such a structure. 


Experimental 


Preparation of dibenzene chromium was carried out by the procedure described 


by Fiscuer [3]. The completely deuterated compound was prepared in an analo- 


gous manner using benzene-d, as a starting material. 
Since dibenzene chromium quickly oxidizes upon exposure to air and since it 
is insoluble in or reacts with nearly all good infrared solvents, it was found con- 


venient to prepare samples by sublimation of the solid on to a cooled window. 


For this purpose a conventional infrared low-temperature cell was used. Sub- 
limation was promoted by heating the sample to above 100°C. Films condensed 


at liquid nitrogen temperature were partly amorphous, changing to a crystalline 
form upon warming. These changes were apparent in the spectra obtained. The 
films thus obtained appeared yellow and transparent. Occasionally during sub 
limation there was some decomposition resulting in a spectrum which displayed 


E. R. Liprrscorr and R. D. Newson, Spectrochim. Acta 10, 307 (1958) 


[1] R. D. Marr and D. F. Hornic, J. Chem. Phys. 17, 1236 (1949). 
(3) E. O. Fiscuer and W. Harrner, Z. anorg. allq. Chem. 286, 146 (1956). 
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some bands characteristic of benzene. These were eliminated by warming the 


film to room temperature while pumping on the cell. Since the spectrum of the 
solid is practically unaltered in going from 23° to —180°C, it is assumed that the 


crystal structure is also unaltered from the one determined for the crystal at room 
temperature | 4]. 
Fig. 1 and 2 show, respectively, the infrared spectra of crystalline Cr(C,H,). 


Table 1. Infrared absorption band frequencies for crystalline 
Cr(C, Hg), at 


Relative intensity t Relative intensity 


absorption band is weak in the spectrum of 


ind vw indicate strong, medium, weak, very strong and 


ctivel 


and Cri( 
and 2. These spectra were recorded with Beckman IR-3 and IR-4 infrared spectro- 
photometers using LiF. NaCl, and CsBr optics. 


). at iso-c. The corresponding frequencies are given in Tables | 


6 


Nele« lion rules 


There is ample evidence that the dibenzene chromium molecule has a 
sandwich” structure analogous to that of ferrocene (Fig. 3). This conclusion 
comes from an X-ray diffraction study [4] and the fact that the molecule has no 
dipole moment [5]. In addition, the spectrum reported here tends to support this 
structure. 
Although it will be sufficient, in discussing the fundamental vibrations involving 
primarily the benzene rings, to use the site or environmental symmetry of the ring 
in the molecule (justification given below), a classification of all normal modes of 


E. Werss and E. O. nr. Z. anor 7. allq Chem. 286, 142 (1956), 
5) E. O, Fiscner and W. Harrner, Z. Naturforsch. 10b, 665 (1955 
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the molecule is given in Table 3. Numbering of modes which correspond to those 
of a free benzene ring follows a convention commonly used for benzene {1}, with 


qg or « being used to distinguish modes which involve, respectively, in-phase and 


Table 2. Infrared absorption band frequencies for crystalline 
Cr(C,D i ¢ 


Relative intensity Relative intensity 


10s 

is! 

Hou 

1317 

742 
1378 


out-of-phase relations in the motions of the two rings. Skeletal modes, which 


involve mostly motion of the whole rings with respect to the metal atom and to 
each other, are numbered through 

With respect to the internal vibrations of the rings, it is, for our purposes, a 
good approximation to neglect coupling between the two rings. That this coupling 
is small can be surmised by comparing the Raman spectrum of ferrocene with its 
infrared spectrum [2]. These near coincidences in the frequency of lines of the 
taman spectrum with bands in the infrared spectrum are the rule, indicating that 
corresponding g and « modes have nearly the same frequencies, and hence coupling 
is small. 

Infrared and Raman activity based upon the site symmetry of a benzene ring 
for several possible situations is summarized in Table 4. Considered are the 
symmetries of a ‘free’ benzene molecule, the site of planar C,H, in Cr(C,H,),, 
the site of a puckered ring in Cr(C,H,),, and the site of the planar (or puckered) 
ring in erystalline Cr(C,H,),. The puckered form is included since this possibility 
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Fig. 3. Structure of Cr(C,H,), 


has been recently suggested [6]. However, since the spectrum to be dealt with 
here is that of the crystalline solid, it is not possible to distinguish the planar from 
the puckered form since in either case twenty active modes are allowed. If the 
vapor spectrum of Cr(C,H,), could be obtained it might be possible to establish 
whether or not the ring is puckered. * 

Selection rules for the molecular vibrations in the crystal are summarized in 
Table 5 where a correlation of molecular, site and factor group symmetries is 
displayed. The site symmetry of the molecule allows all the ungerade («) modes 
of the molecule to become infrared active. From the correlation of site and factor 


group symmetries, it is seen that one infrared active mode in the spectrum of the 


solid is predicted for vibrations which are nondegenerate in the isolated molecule 
and two for degenerate ones. 


Interpretation of the spectrum 


Discussion of the vibrational assignments is divided into two parts, one con- 
cerning ring modes and the other concerning skeletal modes. In the section 
following these modes are related to their counterparts in benzene and ferrocene. 

Most of the strongest bands in the spectrum of Cr(C,H,), can be associated 

* Since the preparation of this manuscript, Dr. W. Lirrke at the University of Freiburg and 
Dr. H. P. Frirzat the University of Munich have informed the writer that they have obtained the spectra 
of Cr(C, H,), and some related compounds in the vapor state From the intensities of certain bands for- 
bidden for ligands of D,, symmetry, they conclude that the ligands have three-fold but not six-fold 
svimmetry 


6) E. O. Fiscner, Paper No. 11L. American Chemical Society Meeting, San Francisco (1958). 
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Table 4. Correlation of possible site symmetries of C,H, 


(Underlined species are IR active, underdashed Raman active. Number in parenthesis refers 


to number of normal modes in the given symmetry species.) 
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"Free’ 
Cer, Cee in 


Cy C3 
(planor) (puckered) (crystol) 


Table 5. Correlation of molecular, site, and factor group 
symmetries of crystaline Cr(CgH,), 


(Underlined species are IR active; underdashed species are Raman active) 
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with the infrared active vibrational modes of a benzene molecule having C,, 
symmetry. A correlation between the modes of an unperturbed benzene molecule 
and of the corresponding modes of the benzene ring bound in Cr(C,H,), is in part 
straightforward since corresponding modes do not differ greatly in frequency. 


Some of the factors which contribute to perturbing the vibrational energy levels of 


a free benzene molecule upon its becoming bound in the complex, are discussed 
below 
In the light of some current views held about the nature of the bonding for 


metal bis-cyclopentadienyls |7, 8], it is to be expected that the benzene rings in 


Cr(C,H,), retain part of their resonance energy. Since, however, the free ring has 


an optimum number of electrons, it can be predicted that its incorporation into 
a larger molecule will in general loosen bonds, particularly those involving 7 
electrons. Most affected then should be the CC bonds, and less affected, the CH 
bonds. This does appear to be the case as will be seen. A change in the geometry 
of the benzene ring would bring in changes in the expressions for kinetic energy 
of vibration. There is no evidence from the spectrum that there are non-equivalent 
(C bonds. Serious perhaps, at least in its effect upon the kinetic energy, is the 
possibility that the plane of the hydrogen atoms is separated significantly from 
that of the carbon atoms. Such would leave the symmetry of the molecule, Dg, 
unaltered and thus lead to the same selection rules as for planar rings. However, 


the fact that only one CH band appears in the spectrum makes it seem that if 


there is some distortion in the geometry of the ring, it is probably small. One other 
factor to be considered is the effect of the bond between the ring and the metal 
atom upon the vibrations of the ring. The effect is small since the skeletal modes 
have frequencies considerably lower than the ring modes. 

Changes in frequency of normal modes in going from benzene to dibenzene 
chromium have been assumed to represent primarily changes in force constants. 
These changes do reflect, in part, perturbations in the geometry of the benzene ring 
since certainly there is some distortion in the ring. However, until there is good 
reason to believe otherwise, it is reasonable to assume that distortion of geometry 
plays a minor role in changing the vibrational energy levels through kinetic energy 
terms 


Rina modes of Cr({ 

Seven infrared active fundamentals are predicted for a benzene ring having 
C,. symmetry. Excluding the two CH stretching modes, the five remaining should 
occur in the region 1600-500 cm~ if it is assumed that only moderate shifts in 
frequency occur in going from benzene to dibenzene chromium. It is seen from the 
spectrum shown in Fig. 1 that there are indeed five strong bands (1430, 1014, 
1002, 970 and 796 em~') with one band at 836 em~'! of intermediate intensity and 
all others relatively weak. These then are to be assigned to @,9,,, @,,. @,,,. @yo,. and 
1, (see Table 3) which occur, respectively, at 1478, 1036, 990, 854 and 687 em! 
in the spectrum of benzene in the vapor state. 


71 W. Morrirr, J. Aw hem. Soc. 76, 3386 (1954) 
8! J. D. Dunrrz and L. E. Orcer., J. Chem. Phys. 23, 954 (1955) 
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The strongest band in the spectrum of benzene is the hydrogen out-of plane 
bending mode, ,,. This mode is also the strongest ring mode of ferrocene and 
occurs at SI] cm~' in its spectrum [2]. Hence, the strongest band of the five noted 
above for dibenzene chromium which occurs at 796 em. almost certainly belongs 
to m,,. The CC stretching mode, ,,,, is easily associated with the band at 
1430 em~'. Its analogs in benzene and ferrocene occur at 1478 and 1411 em-!. 
respectively. 

The symmetric CC stretching mode is expected to have a strong intensity and 
to be in the vicinity of 1000 em~!. Because of its greatly diminished intensity with 
increasing temperature and its continued lack of intensity in the spectrum of 
dibenzene chromium dissolved in CS,, the 1014 em~! band is thought an unlikely 
candidate. The choice between the two remaining bands, 1002 and 970 em—'. is 
made in favor of the latter, because (1) this mode is expected to have a lower 
frequency than its 990 em~! value in benzene, (2) it is expected on the basis of the 
selection rules for the crystal to be a singlet whereas the 1002 em-! band seems to 
have a close companion (999 em~'!), and (3) it gives a force constant which results 


in a frequency for this mode in Cr(C,D,) 


«Veo in good agreement with the observed 


frequency (see Discussion). 

In the spectrum of ferrocene in the vapor state and in solution the band 
corresponding to 9, is very weak and hence its intensity in the spectrum of 
dibenzene chromium might also be expected to be likewise. For this reason the 
remaining strong band at 1002 cm~ is assigned to @,,,. Finally, «,, is assigned 
to the band at 1014cem~!. The assignment of this mode to a band having a fre 
quency greater than its analogous mode in benzene (854 em!) is based on a force 
constant derived from the other infrared active out-of plane hydrogen bending 
mode, ™,,,. Whose assignment seems firm. Since io, and m,,, belong to the same 
symmetry species, a resonance can occur between them which possibly could 
account for the temperature dependence of the intensity of the 1014 em-! 
band. 


Only one band (3047 em~') was found in the region where the CH stretching 


fundamentals should occur, Since ogp,, is expected to be stronger than w,.. it is 


assigned to the observed absorption band. Assuming that w,. is not buried under 


(q,,, its absence in the spectrum is interpreted as evidence for nearly planar C,H, 
rings. 

The above discussion takes into account all the ring modes allowed by the 
selection rules for the molecule. The remaining weak bands must then be accounted 
for either as combinations or as fundamentals allowed by the site group selection 
rules. A comparison of the frequencies of the remaining unassigned bands of 
dibenzene chromium with the group of benzene fundamentals with which they are 
expected to be associated appears to show some correlations. It is felt. however. 
that such a correlation gives only tenuous support for assignments which will be 
confined here to the A,, and EZ,, species. 

Doubling of some of the infrared absorption bands due presumably to factor 
group splitting has been noted for two bands, both appropriately assigned to 
degenerate modes. These are (999-1002 and «,,, (1429-1432 em-!) 
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From the greater number of absorption bands present in the infrared spectrum 
of Cr(C,D,), shown in Fig. 2, it can be assumed that a considerable fraction of 
partially deuterated molecules is present. Still, salient features are in evidence. 
At 803 em~! a very strong band occurs which must be @,,,. The doublet at 929 
933 cm~! must be linked to the symmetric breathing mode @,,. It is a doublet 
probably because of the presence of C,HD, rings. The approximate expected 
frequency ratio of the components would be (84/83)"* giving for a band near 930 
em~' a component separated by 5-6 em~'. 

The symmetric out-of-plane hydrogen bending mode ,o,,,, does not appear 
with the intensity expected of it. There is a medium intensity band near 670 em~! 
which will be taken, for lack of a more likely prospect, as this fundamental. The 
spectrum is rather rich in bands in the region 1400-1250 cm~! where oy, is 
expected. This fundamental is likely associated with the 1273 cm! band as 
determined by virtue of the frequency ratio, @,,5,/@,,,. being near that of benzene. 
Finally, @,,, identified in Cr(C,H,), at 1014em~' is taken with extreme reserve 
as the 824em~' band on the basis that it gives a reasonable frequency ratio, 
10,/@,9.. The CD stretching bands are centered near 2260 em~'. No attempt will 
be made here to interpret the multiple bands which probably arise from partially 


deuterated rings. 


Niky letal modes of ( rif 6)2 and 


Of the three infrared active ring-metal modes, two are in the region of the 
spectrum experimentally accessible to this research and have been observed at 492 
and 456 em~! for Cr(C,H,),. The latter of this pair by virtue of its shift to 421 
em”! in the spectrum of Cr(C,D,),, thus bringing the observed product ratio for 
the A,, species into respectable agreement with the theoretical value, is chosen as 


Since the bending mode ., 


the antisymmetric ring metal stretching mode, 
is 


is expected to have a frequency <300 cm~', the band remaining at 492 cm 
taken to be the anti-svmmetric tilt. For Cr(C,D,), this mode is found at 481 em 
It is to be noted that these same skeletal modes occur in the infrared spectrum of 


ferrocene as bands having much the same relative intensity and frequency (492 


and 478 em~'). Lippixcorr and Netsown [2] have also assigned these bands of 


ferrocene to antisymmetric stretching and tilting, respectively. The bending mode 
for ferrocene is reported to be at 170 em~' and thus for dibenzene chromium it is 
probably beyond the observable region here. 

As a check on the above assignments, or more correctly as a measure of success 
in making assignments under their constraint, the product rule ratios have been 
calculated for the A,, and F,, species. For species A,, where all fundamentals 
have been found in the spectrum, the observed ratio 1-81, is to be compared with 
a calculated ratio 1-945 based on the harmonic approximation for a free molecule. 
Since one fundamental, o,,.. of the 2,, species has a frequency too low to be 
observed in this research, the ratio for this species cannot be calculated without 
making an estimate of .,/@... If Cr(C,H,). is approximated by a linear XY, 
molecule, then ,,/@._,~ 1-02. The product ratio is then found to be 2-49; in 
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only fair agreement with the harmonic value 2-750. The same disagreement was 
found for the analogous species in ferrocene [2]. This discrepancy probably reflects 


either a poor estimate of m,./,, and/or the uncertainty in the assignment of 


Or 


Discussion 


To compare the valence force symmetry constants of the benzene in dibenzene 


chromium with those of benzene and ferrocene, a rather crude normal co-ordinate 


analysis was carried out for the ring modes of the A,, and Z,, species of dibenzene 
chromium. In this calculation the following simplifications were made: (1) the 


benzene ring was uncoupled from the rest of the molecule, (2) its geometry was 


assumed to be the same as for a free benzene molecule, (3) the only off-diagonal 


force constant taken to have a non-zero value was the one between the CH. bending 


and CC stretching in the £,, species. Its magnitude was assumed the same as for 
benzene [12], 2-14 10-3 dyn. Force constants were calculated from the funda 
mental frequencies of Cr(C,H,),._ Then using the derived values the frequencies of 
the same modes of Cr(C,.D,), were calculated. The results of these efforts are dis 


played in Table 6 together with analogous results for benzene [12] and ferrocene [2]. 


The caleulated frequencies for Cr(C,D,), are in good agreement with the 


Table 6. Comparison of force constants of Fe(( '5H;)o, Cr(CgH,), and C,H,. 
Calculated frequencies of fundamentals of Cr(¢ 


Frequency (em!) of 


Valence force 

Species Mods scription fundamentals ot 
symmetry constants* 

Cr(C 


Fe(C.H;)," C,H 13 cale found 


CC stretching 6-97 7-2 7-62 935 931 


CH, bending 0-42 0-40 0-29 669 (7) 
CH bending 0-96 1-02+ 1-02 803 795 
Mig stretching 550 5-547 6-14 1270 1273 


CH stretching 5-18 


* Stretching and bending force constants are to be multiplied by 10° dyn/em and 10>" dyn/em 
re spectively. 


+ Interaction force constant assumed same as for C,H, 


observed values with one rather glaring exception, namely m,,. However, the 
value of the force constant seems all right itself in that it agrees with the one 


calculated for ferrocene [2]. 


It is noted that the stretching force constants are decreased in value in going 


from benzene to dibenzene chromium. This decrease amounts to 2 per cent for 
CH bonds, calculated from o.,,, and 5-, and 10 per cent for CC bonds, these latter 


calculated from @,, and @,,,, respectively. The greater reduction in the CC 


stretching constants is interpreted as the result of the bond being more involved 


with az electrons. 


Although the stretching force constants seem weakened, the out-of-plane 


i 
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hydrogen bending force constant as judged from ,,, increases significantly. In 
fact. using the values in Table 6 as a crude measure of the change in the force 
constant, a 27 per cent increase is indicated. This increase cannot be accounted 
for by interaction of this mode with the antisymmetric stretching vibration. In 
passing. it is to be noted that as a consequence of the increase in this force constant 
there would also result an increase in the frequency of the other out-of-plane 
hydrogen bending mode @,,,. This is the reason, as mentioned earlier, for looking 
near L000 em~! for this fundamental. 

The increase in the force constant for out-of plane hydrogen bending is probably 
the result of the increased difficulty of orbital following in the bonded ring. It 
has been pointed out that this mode is particularly suited to orbital following in 
benzene since the carbon sp? orbital tends during the vibration to acquire some 
sp* character, and thus facilitates the motion [9]. To support these ideas it has 
further been demonstrated that electrophilic substitution on the benzene ring 
tends to raise the frequency of out-of-plane bending. Presumably depletion of 
7 electrons makes orbital following more difficult and hence raises the force 
constant for this mode [9]. It appears likely that this is the case for Cr(C,H,)s. 
The magnitude of the effect here is remarkable. 

To compare this behavior with that of the cyclopentadienyl compounds the 
infrared spectrum of NaC,H, was obtained. This compound can be assumed to be 
largely ionic, its infrared spectrum showing a simplicity indicating rings of D,, 
symmetry. Its out-of-plane hydrogen bending mode occurs somewhat lower than 
for ferrocene. In fact, if one arranges in order of increasing covalency of the 
metal-ring bond, a number of compounds for which this information is available 
10. 11). one finds that the frequency of this mode increases regularly: NaC.H,, 
Mn(C;H,), [10], 760 Ni(C,H;),[2], 773 Fe(C;H;), [2], 811 
em". Hence, the frequency of this mode is indirectly a measure of the strength 
of the metal to ring bond. 


Next a con parison of the spectra of dibenzene chromium and ferrocene will be 


made rhe similarity between the two spectra both in the region where the ring 
nd the skeletal modes are located is notable. As coneluded by NELSON 
it is at least partly the geometry of the rings which is responsible for 
differences in frequencies of normal modes between benzene and ferrocene. These 
differences are further minimized when the valence force svmmetry constants of 
the benzene in Cr(C,H,), are compared with the analogous ones in ferrocene. It 
then becomes apparent in those cases where the force constants derived for the 
metal bonded benzene in Cri( gH «)o are significantly different from either those of 
the eyclopentadieny! rings in ferrocene or those of a free benzene molecule that they 
‘clearly nearer those of the cyclopentadienvl! rings 
Further. it has been seen that the skeletal modes, tilting and antisymmetric 
stretching of Cr(C,H,), correspond very closely in frequency and relative intensity 
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to the two analogous bands in the spectrum of ferrocene. To compare the ring 
metal bond strengths a force constant was calculated from the antisymmetric 


stretching mode, treating the molecules as a three mass system. For Cr(C,H,), and 
Fe(C5H;),. respectively this gave constants of 2-39 and 2-67 mdyn/A. Although, 


of course, these constants refer only to the antisymmetric stretching mode, it can 
be safely concluded that the ring to metal stretching force constants for the two 
isoelectronic compounds have approximately the same values. supporting the idea 


that the nature of the bonding is similar. 


Acknowledgement—1 would like to thank Mr. C. J. Dooey for his co operative assistance during 
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A simple grating-prism dispersive arrangement which provides 


3 improved resolution over a wide spectral range 
V. J. Coares 
a The Perkin-Elmer Corporation, Norwalk, Connecticut 


1) Maw 1958 


f spectrometers have gen rally utilized variations of the 


Littrow-1 inted pram monochromator as a means of providing adequate dispersion over the 
apectral range t mterest The recent availability of inexpensive replica diffraction gratings 
has be ght forth mestruments of increased resolving power which utilize coupled fore prism 
and grating monochromators. Where accurate broad spectral range scanning is desired, the 
fore prism-grating system requires precise and rather complex tracking linkages. Observations 
of several phenomena, which are in part predictable from the grating equation n/ d(sin 

min as well as an examination of the requirements of infrared analysis of liquids and solids, 


and pram dispersive arrangement which 


rates blazed in the firet order at 3-75 and mounted 


m position with reepect to a k salt The grating rotated over an 
angle « h that ite dispersion augments the prism dispersion, scanning the range, 4000-1400 om =! 
a Since the grating m used on in the firet order, higher order interference is easily eliminated 
i by filters. Near 1400 em” ', the grating is rotated to normal incidence and acts as a simpk 

mirror as the range 1400-650 em”! is scanned. Over the total range. the predicted spectral 


slit widths vary from | to 5em™! as compared to 2 to 18 em™! for the rock salt prism alone. 
riormanc: ibeerved uncdicates the practicability of the arrangement Present prism 


spectrometers might easily be converted to the new arrangement to realize the performance gain. 


Introduction 
MANY spectrophotometers designed to provide absorption spectra in the ultra- 
violet, visible and infrared regions have utilized prism monochromators. The 
prism materials which provide the best compromise of resolving power and 
transmission range have been quartz for the ultraviolet, visible through the near 
infrared range, and rock salt for the fundamental infrared range. During the past 
few years, as spectrometric techniques have become more sophisticated, the need 
for resolving power greater than that normally provided by these materials has 
increased. Improvement in resolution has been sought through a variety of means, 
including the use of larger elements, double monochromators, multiple-pass 
systems, and new optical materials affording higher dispersion but at a sacrifice 
in wavelength range 

Molecular spectroscopists have pointed out that in the infrared region, in 
particular, instruments incorporating NaCl prisms provide spectral slit widths at 
higher frequencies (4000-2000 cm~') which in many cases are larger than the 
natural widths of absorption bands observed with liquids and solids. Jones [1] 


R. N. Jones S pectroch ” 9, 235 (1957) 
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has provided an excellent analysis of the effect of spectral slit-width on peak 
intensities and has related this to the dispersive properties of various common 


prism materials. Russet and THompson [2] suggest that the spectral slit-width 
should be at least one-fifth the half band-width if the band peak intensity value 


measured is to be useful. 
Fig. 1 is a plot of data taken from Jones’ paper. It indicates the error in 


peak intensity computed for various spectral slit widths assuming absorption 


bands having natural half band-widths of 10 em~! and 15 em~'. From Fig. | it 


150) 


NATURAL BAND 
130) 


TRVE PEAK INTENSITY OBSERVED PL AK INTCNSITY 


NATURAL BAND WIDTH 


' | A. ur 
. SPECTRAL SLIT WIDTH, Cw’ ° 1000 2000 3000 4000 
2 4 


OBSERVED RESOLUTION. CM”! 


€ 6 FREQUENCY. cw! 
Fig l tatio of true to observed peak intensity Fig. 2. Observed spectral resolution 
versus spectral slit width computed for natural versus frequency for various prism 
band widths of lO em~' and L5cem~' (plotted from materials (reproduced from reference 


Fig. 1, reference [1 p4 


can be seen that for a spectral slit width of 2-5 em~', a 5 per cent error in peak 


measurement would be expected when measuring an absorption band of 10 em~'. 


Fig. 2 is a plot [3] of spectral slit widths observed at various frequencies in 


the infrared for several different prism materials in a single-pass monochromator. 


The point to note in comparing Figs. | and 2 is that NaCl prism frequencies 


between 4000 and 1400 cm~! provide spectral slit widths which would introduce 


major errors in peak intensity data for bands whose natural width is 15 em 


or less. 

Further on this point Jones [1] comments, “Using the conventional types of 
single-pass spectrometers, the optimum operating conditions with Sodium 
Chloride and Calcium Fluoride prisms will ... provide spectral slit widths of 
4-2 cm~! between 2000 and 650 em~'. In our experience, the ¢). (peak intensity) 
values obtained under these conditions for n-paraffin hydrocarbons, saturated 


[2] R. A. Russec. and H. W. THompson, Spectrochim. Acta, 9, 133 (1957). 
13} R. C. Gore, R. 8. MacDona.p, V. Z. WiciiaMs and J. U. Wurre, J. Opt. Soc. Am. 37, 23 (1947 
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fatty acids, and esters agree quite well between 1350 and 650 em ~' with measure- 
ments made at higher dispersion.” 

Several alternate prism materials are used in the 4000 to 1400 em~' range, 
notably LiF and CaF,, to obtain narrower spectral slit widths. Monochromators 
have been designed [3, 4] to provide as convenient as possible interchange of 
prisms to make use of the optimum prism material for the region. Still, the cost, 
complexity and disjointed presentation of the data that such interchange involves 
leave much to be desired. 

Recently, diffraction gratings of high quality and reasonable cost have become 
available. Spectrophotometers have been designed incorporating grating mono- 
chromators, which, when coupled with suitable means (generally a fore prism 
monochromator) of eliminating and switching orders as the spectrum is scanned, 
provide more exact band measurement. Such instruments utilize spectral slit 
widths of about 2cm~' over the entire range, 4000-650 cem~', while scanning 
rapidly at useful signal-to-noise ratios. Generally the resolution is limited not by 
the grating but by the detector. Thus, with somewhat increased complexity, 
diffraction gratings used in this manner offer real promise for improved spectral 
data analysis in chemical spectroscopy. Along with this estimable advantage, 
fore prism-grating spectrometer design presents a number of problems—not the 


least of which is increased complexity, bringing increased cost if convenient 


operation and standardized spectral data presentation are to be maintained. 


If a single monochromator could be designed which utilizes the desirable 
properties of both prisms and gratings, then a major improvement of performance 
might be obtained without the attendant sacrifices in convenience and/or cost 
which a complete fore prism-grating system requires. Such a design sets new 
compromises of performance vs. complexity and could bring improved accuracy 
in infrared absorption band studies. This report concerns itself with the general 
considerations of such an approach and presents experimental findings relating 


to the spectral range 4000-650 em~!. 


General considerations 


If we consider the problem illuminated by Jones and others for the infrared 
region, we can conclude the following with respect to prism vs. grating performance: 
(a) If the large majority of bands observed with liquids and solids have natural 
widths between 10 and 20 em~', then the rock salt prism can be considered a 
satisfactory element only over the range 1400 to 650cm~! where it provides 
spectral slit widths between 2 and 5em~!, depending on the frequency (Fig. 2). 
(b) This leaves the largest portion of the fundamental range (4000-1400 em~') 
where increased dispersion would bring increased accuracy of band measurement. 
(c) A Littrow-mounted rock salt prism provides a convenient single scan of 
the whole range 4000-650 cm~'. A single grating must be used over at least four 
orders to cover this range. There is a resulting need for order changing at three 
points in the range. If it is desirable to present a continuous spectrum with a 


4) V. Z. WittiaMs, Rev. Sci. Instr. 19, 135 (1948). 
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grating, then some complex problems of indexing at the order changeover points 


must be solved. 


(d) Available dispersion and the accuracy of frequency measurement are 


related. At high frequencies mechanical error and temperature change cause 


wavelength errors when a prism is used as the dispersive element. In chemical 


spectroscopy these errors can be limiting. A grating provides considerably 


increased accuracy over the entire range. assuming accurate order changing. 


Several workers have experimented with replacing the Littrow mirror in a 


prism monochromator with a diffraction grating. This results in a large increase 


in resolving power as the dispersions of the grating and prism are added. Usually 


such studies are made using the grating in the first order and eliminating over- 


lapping orders by means of filters. The range is limited by the fall-off of efficiency 


of the grating on each side of its blaze wavelength. 


It is interesting to compare [5] the relative dispersions of diffraction gratings 


at their blaze wavelengths and those of a 60° rock salt prism at those same 


wavelengths, both mounted in a conventional single-pass Littrow arrangement. 


Frequency 


(i) cm 1) 


D grating/D prism 


1000 


3000 


L650 
9 loo j 
144) 


These data indicate that the great bulk of the gain in resolving power is to be 


obtained in the higher frequency region. Prisms become remarkably good 


dispersive elements as they approach their absorption cutoffs. 


Recently available aluminized replica gratings have been shown to be very 


efficient in the infrared region. In the first order they can be used over a wavelength 


range 27./3 to 27, where 2, is the first-order blaze wavelength. From this it can be 


computed that a grating blazed at 3-75 uw can be used from 2-5 to 7-0 uw (4000 


1400 em~') in the first order. 
It seems possible, therefore, to consider a conventional NaCl prism—Littrow 


monochromator where the Littrow mirror is replaced by a diffraction grating 
blazed at 3-75 uw. Filters would remove higher order interference as the grating 
is scanned 4000-1400 em~'. At 1400 em! the grating would be rotated to a new 
angular position normal to the rays of 1400 em~! radiation refracted by the prism 


where it would act as a simple Littrow mirror. 
Here, however, lies an apparent anomaly. Can a grating operate with good 
efficiency (40 per cent) to 1400 em~' and then be rotated to normal incidence 


to act as a mirror at this same frequency without a great loss in energy per spectral 


5! Taken from E. H. SIeGLerR, Jn. and J.W. Huuey, De siqn and Performance of a Fore Prism-Gr wing 
Infrared Spectrometer. Presented before the Pittsburgh Conference on Analytical Chemistry and Applied 
Spectroscopy (1956). 
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slit-width? Finely ruled gratings have been used as mirrors at long infrared 
wavelengths by several workers. In particular, White [6] describes their use as 
broad band filters in the infrared. 

Real advantages can be expected from such a combination of grating and 
prism in a single monochromator where only changes in grating angle are used to 
scan the wavelength range. Certainly the simple combination of these dispersive 
elements would bring real improvement in monochromator performance if two 
requirements can be met: (1) Maintenance of high efficiency in both elements 
over the entire range. (2) Satisfactory elimination of unwanted grating orders 


by the use of simple short wavelength cut-off filters. 


Experimental studies 
E fhic of the grating asa dis pe rsive ele ment and asa sim ple mirror 
Studies of the commercial replica gratings referred to above. indicate that 
they are indeed highly efficient dispersive elements in the infrared region. Fig. 3 


REPLICA GRATING PERFORMANCE 
375. BLAZE 
240 LINES / MM 
GRATING 
ZERO ORDER REFLECTIVITY 


GRATING 
FIRST ORDER EFFICIENCY 


> 
= 
5 
4 
> 
2 
2 


FREQUENCY, 


Fig. 3. Observed efficiency of a 3-75 4 blazed grating in the first order and in the zero 
order near normal incidence over the frequency range 4000-650 em—! 


is an empirical plot of the efficiency of an echelette grating of this type, blazed 
at 3°75 mu in the infrared and rotated through a total angle approaching 45° to 
achieve a range of 4000 to 1400 em~!. It can be seen that its efficiency approaches 
S0 per cent near its blaze dropping to 40 per cent at the ends of the range. 

Fig. 3 also plots the specular reflectance of the grating recorded on a Perkin— 
Elmer Model 21 Infrared Spectrophotometer over the wavelength range 4000 to 
650cem~'. It can be seen that the specular reflectance rises suddenly at about 
2500 em! reaching 85 per cent at 2000cm~! and 90 per cent after 1500 em-', 
This high reflectance is maintained over the remainder of the range. 

Experimental data indicate that a grating near its blaze angle can act as an 
efficient dispersive element, and, also, near normal incidence assume the character- 
istics of a highly efficient mirror. An examination of the diffraction process provides 
reasons for this. In Fig. 4(a) the grating is shown with its grooves greatly enlarged 
with radiation coming to it at an angle near its blaze. Here diffracted radiation 


of angles from 17° to 57° provides a wavelength range from 2-5 to 7 uw in the first 


6) J. U. Wurre, J. Opt. Soc. Am. 37, 713 (1947). 
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order. Fig. 4(b) shows the same grating now at an angle where radiation of all 
wavelengths strikes it near normal incidence. This is the so-called zero-order 
direction of the grating. The rapid increase in reflectivity after the blaze frequency 
for normal incidence, which is indicated in Fig. 3, can be explained by reference 
to the grating equation: 
d(sin 7 sin r) 

where n = order number; 

d = groove width; 

i = angle of incident rays; 

r = angle of diffracted rays; 


When the angle of incidence, 7. is nearly 0° the grating equation predicts that 
| 


the first-order wavelength of the rays diffracted at r 90° is equal to the groove 


Fig. 4. Littrow-mounted diffraction grating showing incident and diffr 


orientations (A) first-order diffraction, (3) normal to incident 1 
(A) @ blaze angle. r (angles of inci 


spacing. Wavelength diffracted by Littrow 
(B) a 2 dsinr. B angle of refraction for NaCl prism for range 4000 cm~* to 


lene and diffraction are equal). d groove 


mounted grating (first-order 4 = 2d sin? 


650 em 


width, d. Since, as indicated in Fig. 4(b), r cannot exceed 90°, wavelengths 
greater than 2 = d, or 4:1 uw in our experimental case, must either be absorbed 
or reflected specularly by the grating. For an aluminized grating in the infrared 
most of the radiation is reflected. 

This accounts for our experimental findings. The literature offers very little 
information concerning echelette grating efficiencies near normal incidence and 
prediction of this interesting effect would not be obvious from available data. 


2. Elimination of overlapping grating orders 


Where a grating is to be used only in the first order, as is proposed here, 
wavelengths from unwanted orders can be filtered very successfully. There is no 
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interfering radiation of longer than the desired wavelength. Thus short wavelength 
broad band filters can be used most successfully. Fig. 5 gives the characteristics 
of some typical filters of this type. For the range 4000 to 1400 em~! (2-5 to 7 4), 
only two filters are required. Filter no. 1 must remove all wavelengths below 
2800 cem~'. It is desirable that such filters should transmit efficiently over 


FILTER TRANSMISSION 


100r 
VY 
a 
#2 
3000 4000 2000 1000 
F REQUE NCY- WAVE NUMBERS 
Fig » Transmission characteristics of two filters cde signed to eliminate 
higher grating order interference 


the whole range to 650 cm~! after their cut-offs. If they perform in this way, no. | 
can remain in the optical path at all times and no. 2 only need be switched into 
place at 4 « automatically and remain in position during the remainder of the 
scan. Unfortunately the state of the art does not allow the use of such long 
wavelength transmitting substrates. The filters shown in Fig. 5 have characteristics 
approaching the ideal. Such filters will also be helpful in removing stray radiation 
observed near the low frequency end of the prism range. 


3. Performance observed with a grating-prism dispersive system 

A 240 grooves per millimeter diffraction grating blazed at 3-75 uw in the first 
order of a size to directly replace the Littrow mirror in a Perkin-Elmer Model 221 
double beam infrared spectrophotometer was utilized to provide experimental 
verification of the considerations presented above. Fig. 6 shows the resolution of 
ammonia vapor band structure near 1600 cm~!. The spectrum of indene, a liquid, 
shown in Fig. 7 indicates the improved separation, as well as the increased peak 


“ww 
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Fig. 6. Infrared spectrum of ammonia vapor band structure near 1600 cn 
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Fig. 7. Infrared spectrum of indene over entire range of a grating-prism dispersion unit, 


intensities observed at high frequencies, with the grating prism combination over 
the complete range. The grating changeover point was fixed at 1428 em=! (7-0 ,). 


The theoretical resolving power of the grating used here was about 13.000. 


Thus one would anticipate spectral slit-widths less than 1 em! under optimum 
conditions in the range 4000 to 1400 cm-!. In the infrared, however, available 


energy limits the resolution performance. Thus a choice must be made between 


resolution required, accuracy of measurement (noise level) and time to scan the 
full frequency range. 

Fig. 8 plots the observed spectral slit widths for an NaCl prism, a CaF, prism 
and the grating-prism combination for a sean time of 7 min (4000-650 em-"), and a 
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Fig. 8. Plot of observed spectral slit widths vs frequency for various prist s compared to 


the grating-prism system. Survey conditions High resolution 


signal-to-noise ratio of 100 or better. The dotted curve indicates the resolution 


observed with the same signal-to-noise ratio but a very slow scanning rate. The 


vast improvement brought about by the grating over the bulk of the range 


indicates that the new grating-prism combination has real value for molecular 


spectroscopic studies in the fundamental infrared region. The principles 


annunciated here can obviously be extended to other wavelength regions as 


required. 
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Vibrational mean-square amplitude matrices—I 


Secular equations involving mean-square amplitudes of vibration, and 
approximate computations of mean-square amplitude matrices 
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(Received 19 June 1959) 


Abstract —Mean-square amplitudes of vibration in the theory of small harmonic vibrations of 
mic molecules are studied, The quantities are treated as a kind of vibrational constants, 

r treatment of harmonic force constants. After including certain inter- 

! mean-square amplitude matrix =. it was possible to develop two 

secular equations, th one involving the matrices = and G@~', the latter one the matrices 
= and F ere ed for t energy matrices in WrLson’s notation. Applications 
of the secular equat 8, mncluc ' e ordinary one involving F and G, are discussed, and an 
isotope rule for the mean-square amplitude matrix elements is evaluated. Ultimately some 


approximati thods for computing mean-square amplitude matrices are reported, and are 


based on approximate expressions for the hyp rbolic cotangent. 


THE subject of this article series is a treatment of a particular sort of vibrational 
constants, referred to as the mean-square am plitude quantities. The theory of 
small harmonic vibrations of polyatomic molecules will be concerned. 

Let a complete set of internal displacement co-ordinates of a polyatomic 


molecule be given by a column matrix, denoted by §. The notation X will be used 
for a matrix where all the elements are the mean values of the corresponding 
elements of the X matrix. If ~ is used to designate the transpose of a matrix, the 


mean-square am plitude matria is defined by 


= —ss (1) 


its elements being the mean-square amplitude quantities. The diagonal elements 
of the matrix considered, viz. 
(2) 
are the mean-square amplitudes of vibration. If S, represents the interatomic 
distance deviations of a given pair of atoms in a molecule, the quantity of equation 
(2) is of considerable interest. The mean-square amplitudes of vibration of this 
type have been subjected to several investigations, on one hand by spectroscopical 
methods and on the other hand by electron-diffraction. A review of the work done 
in this field, including about sixty references, has been published elsewhere [1]. 
The off-diagonal elements of the mean-square amplitude matrix, viz. 
= SS, (i #j) (3) 


will be called the interaction mean-square amplitudes. 


s a. CYyVIN, Kal Norske Videnskab Selskaba Skrifte In press. 
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As will be shown in the following, it is possible to relate the mean-square 
amplitude matrix elements to the vibrational normal frequencies, as also is the 
case with the potential energy matrix elements. Furthermore, a secular equation 
involving both the mean-square amplitude matrix and the potential energy matrix 
will be developed. A preliminary report including a discussion of the above 
mentioned secular equations has recently been communicated [2]. 


The secular equation in Wilson’s treatment 
The method of treating small harmonic vibrations of polyatomic molecules, 
first introduced by Witson [3], has been generally adopted for spectroscopical 
calculations. It will be reasonable to start by summarizing some features of this 
method. The treatment involves a secular equation which may be written in the 
form 


GF — 7/E| — 0 (4) 

and is deducible from the relations 
LFL = A (5) 
LL =G (6) 


In these equations @ is the inverse kinetic energy matrix, F the potential energy 
matrix, and A a diagonal matrix with the elements 

(7) 
where », represents the vibrational normal frequencies. E is the unit matrix. The 
L matrix of equations (5) and (6) is defined by 


S—LQ (8) 


connecting the chosen set of internal co-ordinates (§) with the vibrational normal 
co-ordinates (Q). The @ matrix is composed by the atomic masses and eventually 
the equilibrium structural parameters of the molecule in question, the F matrix 
containing the force constants. Assume the F matrix having been established. 
and the @ matrix as well as all the normal frequencies to be known. Then it will 
he possible to determine the elements of the L matrix appearing in equation (8), 
according to a set of homogeneous linear equations represented by 


(GF — 2,E)L, (9) 


Here L, is applied to designate the kth column of the L matrix. The way of pro- 
ceeding is to solve equations (9) for the characteristic vectors. which may be 


normalized by means of equation (6) or (5). It may happen that the elements of 
the inverse L matrix are desired, rather than those of the L matrix itself. Then it 
will be convenient to use an alternative form of the secular equation, viz. 


FG — = 0 (10) 


S. J. Cyvin, Acta Chem. Scand. In press. 


[3) E. B. Wirson, Jr., J. Chem. Phys. 7, 1047 (1939); Ibid 9, 76 (1941). See also E. B. Witson, Jr 


J.C. Decius and P. C. Cross, Molecular Vibrations. McGraw-Hill, London (1955). 
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The elements of L~! are obtained directly by means of the method of characteristic 


vectors, according to 


(FG — 4,E)(L"), —0 (11) 


Here (L~'), designates the kth column of the transposed inverse L matrix. 


Mean-square amplitude matrix 


By inserting equation (8) in (1), the equation 
= = LAL 


is obtained for the mean-square amplitude matrix. In this equation 
A = QQ (13) 


\ccording to a well-known result from quantum-mechanical computations [4], 


the matrix A is a diagonal matrix with the elements 


A (h coth (hy 2kT’) (I +) 


where / is Planck’s constant, / Boltzmann's constant, and 7 the absolute tempera- 


ture. The method of computing mean-square amplitudes of vibration of poly- 


atomic mole ules in accord: nce with equation (12) has been developed by Mortino 
et al. |5, 6), and will be referred to as Mortno’s method. By taking a specific 


diagonal element of the Z matrix in equation (12) of this paper, the resulting 


expression will coincide with equation (9) of reference [6] or equation (3) of 


reference [5 For additional references. see [7, 8}. 
To compute the L matrix in Mortno’s method of calculating mean-square 
amplitudes of vibration. the procedure outlined in the preceding section of this 


article is followed. In consequence, the force constants composing the F matrix 


are needed. It should be noted that the equations obtained from (4), relating the 


force constants to the normal frequencies, in most cases are insufficient for deter- 


mining the complete F matrix. Therefore usually additional assumptions about 


the F matrix elements are made, e.g. simplifications of the force field, assumption 


of a Urev—Bradley field [9]. or applications of force constant values from related 


molecules. Furthermore, the normal frequencies from isotopically substituted 


molecules may be utilized for this purpose. 


Secular equation containing the mean-square amplitude matrix 


In this section a new secular equation will be given. which makes it possible to 


establish relations between the mean-square amplitude quantities and the normal 


frequencies of a polyatomic molecule. In contrast to Morrno’s method, these 
results are obtained without the explicit evaluation of the F matrix, and without 


determining the L matrix. 


F. Birocn, Z. Phys. 74, 295 (1932): R. W. James, Physik. Z. 33, 737 (1932 

Y. Morro, K. Kvucurrsv and T. Sarmanovent, J. Chem. Phys. 20, 726 (1952 

6) Y. Morro, K. Kuecnrrsv. A. TaKanasui and K. J. Chem. Phys. 21], 1927 (1953 
S. J. Cyvix, Acta Chem. Scand 11, 1400 (1957): J. Chem. Phys 29. 583 (1058 

S. J. Cyviw. Spectrochim iefa 56 (19059 

lr. Sarwanovucnar, J. Chem. Phys. 17, 245, 734, 848 (1949). 
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Vibrational mean-square amplitude matrices —I 
From relations (6) and (12) the following secular equation is deduced. 
— = 0 (15) 


The characteristic values (A,) are given by equation (14). If the complete = 
matrix could be established, and assuming the G@-' matrix as well as the normal 
frequencies to be known, it would be possible to determine the L matrix by the 
method of characteristic vectors applied to the ZG"! matrix. For the kth column 
of the L matrix, viz. L,, one has 


(ZG"' — A,E)L, = 0 (16) 


Once the L matrix has been computed, the potential energy matrix F is obtainable 
from relation (5). In fact, it would be more convenient to have the L~! matrix for 
computing the matrix F. Therefore the following form of the secular equation 
here considered will be useful. 


| (17) 


By means of this equation the L~' matrix elements are obtained according to 


— A.E\(L-), (18) 


For the normalization of the characteristic vectors in this case, one has the 
relations 


A (19) 
—@" (20) 


obtained from equations (12) and (6). 
Finally the potential energy matrix may be computed according to the equation 


(21) 
which is a modification of equation (5). 


Secular equation containing both of the = and F matrices 
An additional secular equation will be reported. It is deducible from equations 
(5) and (12) and may be written 


— AAE| = 0 (22) 


According to equations (7) and (14), the characteristic values of the ZF matrix 
are 


AA, thy, coth (hy,/2kT) 23) 


By means of equation (22), relations containing the elements from both of the 
matrices Z and F are obtainable. The atomic masses will not be inhered. The 
relations may be useful if it is desirable to apply some information about the Z 
matrix elements in the determination of the F matrix, and vice versa. Accordingly, 
such calculations may be performed without determination of the L matrix. 
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Isotope rules 


The ordinary product rule for isotopically substituted molecules as derived from 


equation (4) may be written in the form [3]: 


Tl. y,*) Gi) (24) 


where the quantities of one of the isotopic molecules are identified by an asterisk. 
Using the analogous notation, one obtains from equation (22) 


vy. coth (Ay,/2kT) 


=* 


i 


If the mean-square amplitudes at the absolute zero are considered, and the sub- 


script , is attached to the corresponding mean-square amplitude matrices, one 


obtains: 


Co-ordinate transformations 

If the co-ordinates § are chosen as a set of symmetry co-ordinates, the mean- 
square amplitude matrix will have a diagonalized form identical with that of the 
energy matrices, depending on molecular symmetry. Hence the new secular equa- 
tions, viz. (15), (17), (22), will factorize in precisely the same manner as the 
ordinary secular equation (4). Following W1Lson’s method [3] a set of symmetry 
co-ordinates may be formed as an orthogonal transformation of a set of internal 
co-ordinates, here denoted by q. Hence the following relations may be established, 


S — Ra, q RS 27) 


R being an orthogonal matrix. This matrix may be used for detecting the connexion 
between various quantities in terms of the two co-ordinate sets. To show an 


example, it is found for the mean-square amplitude matrices 
P — RER, = RPR (28) 


where the symbol P is defined by 


P = qq (29) 


In practice the mean-square amplitude quantities for the (bonded or non-bonded) 
interatomic distances are the most important ones. In consequence, it will often 
be convenient to let q be composed of merely interatomic distance deviations, 
i.e. a set of central force co-ordinates. 

Now a general procedure will be outlined, regarding an arbitrary number of 
displacement co-ordinates, given by a column matrix r. In practice, this matrix 
may be chosen as a representative selection of the bonded and non-bonded inter- 
atomic distance deviations. Let the considered displacements be given by 


r—Uq (30) 


S. J. Cyvrs 
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where the matrix U is assumed to be known from the geometry of the molecule 
under consideration. By means of (27) it is found 


r — VS. V—UR (31) 


§ representing a set of svmmetry co-ordinates. If these co-ordinates are connected 


with the normal co-ordinates according to equation (8), one has 


r = KQ, K = VL = (UR)L (32) 


The symbol P will now be used for the mean-square amplitude matrix connected 


with the displacements of r, viz. 


P —rr — KAK (33) 
For computing this matrix one has the following relations, 
P — VEV (UR)Z(RU) (34) 


where Z is the mean-square amplitude matrix in terms of the symmetry co- 


ordinates. 


A special notation, that will be useful in the following, is going to be defined. 


In general, the column matrix formed by the elements of the ith column of a 
matrix X is denoted by X,. This notation has been used in equation (9) for the 
kth column of L. An additional designation is introduced by 


> (35) 


this being the column matrix formed by the ith row of the X matrix. With this 
notation applied to the V matrix of equation (31), a specific one of the quantities 
from the r matrix may be expressed by 


r, = (36) 


Morino’s approximation applied to mean-square amplitude matrices 


Morino et al. [6] have developed an approximate method for calculating 


mean-square amplitudes of vibration, which is based on the approximation 


] x 
coth x (37) 


This approximation is adapted to the hyperbolic cotangent appearing in equation 
(14) by putting « = hy,/2kT. It will be pointed out that the approximation here 


considered may be utilized for computing the whole mean-square amplitude 


matrix. The following result is obtained: 


h? 
1! 3 
= —kIF (38) 


By taking a specific diagonal element from each of the matrices appearing in this 
equation, the resulting expression will coincide with equation (16) of the cited 
paper by Morrno ef al. [6]. It should be noted that the Z matrix of equation (38) 
is connected with a co-ordinate set identical with that having been used for setting 
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up the energy matrices F and G. The described approximation method may be 
applied to a mean-square amplitude matrix P, based on an arbitrary set of dis- 
placement co-ordinates r, in the following way: 
: 
P = kTVF-"V + V@GV (39) 

Here the V matrix is given by equations (31), § representing the co-ordinate set 
connected with the matrices F and G. For the meaning of the symbol P, see 
equations (33) and (34). 


Refinement of the approximation method 
The present writer [8] has refined the approximation method of Morrvo 

et al. (6) by introducing 

coth x 6_.x Ox (40) 
where the 6's are constants, and may be adjusted in correspondence with the 
range of vibrational frequencies. Numerical values of these coefficients are given 
in reference [8]. With this approximation, the following result is obtained for the 
mean-square amplitude matrix =, 


>> (FGF)! + »F-' — pGFG (41) 


The constants z, 2, » and 4 are connected with the coefficients of equation (40) as 
follows. 
h*6, h*6, 


kT, av 
he 


For a diagonal element of the Z matrix, equation (41) yields the result given by 
equation (16) of reference [8]. Here again the method may be applied to the P 
matrix, the following result being obtained: 


P »VF-'V + «VGV — /VGFGV (43) 

With the notation of equation (36), a specific mean-square amplitude quantity, 
‘xpressed by 


For a diagonal element, i.e. i = j, the result is the same as that being given hy 


equation (20) of reference [8]. 
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Treatment of linear triatomic molecules 


S. J. Cyvrn 
Institute of Theoretical Chemistry, Technical University of Norway, 


Trondheim, Norway 


(Received 19 June 1959) 


Abstract—The previously reported theory for treating mean-square amplitudes of vibration of 
polyatomic molecules is applied to the parallel vibrations of linear triatomic molecules. The 
mean-square amplitude quantities, as well as the harmonic force constants are related to the 
normal frequencies. Furthermore, approximate expressions are given for a set of mean-square 
amplitude quantities. It is pointed out that in the general case, three mean-square amplitudes 
of vibration might be detected from electron-diffraction, and represent sufficient informations 
for calculating all the vibrational constants of the parallel vibrations. A special treatment of 
the linear symmetrical XY, molecular model is included. 


In the first article of this series [1] a new method for computing mean-square 
| 
amplitudes in the theory of small harmonic vibrations of polyatomic molecules 
was developed. The following secular equation has been evaluated, 
' — AE 0 (1) 
and is similar to the ordinary secular equation introduced by Wutsown [2], viz. 


GF JE! 0 (2) 


In these equations F and @ denote the familiar energy matrices, Z being the 
mean-square amplitude matrix, defined by 

= = ss (3) 

where § represents the vibrational co-ordinates, given as a column matrix. The 

characteristic values of the (2@~') and (GF) matrices, respectively, are given by 

A, (h/87*v,) coth (hy,/2kT) (4) 


A, 
where y, represents the vibrational normal frequencies. 
In the present article the theory is applied to the linear triatomic molecular 
model. 
Energy matrices and the mean-square amplitude matrix 
The parallel vibrations of the linear YXZ molecular model are concerned. 
The two displacements X—Y and X—Z are taken as a set of internal co-ordinates 


S. J. Spectro him. Acta. This issue, p- 825. 
2 E. B. Wi SON, Jn , Je Chem. Phys. 4 1047 (1939); Thid. 9, 76 (1941 ). 
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and denoted by r, and r,, respectively. In terms of these co-ordinates the potential 
energy matrix, F, and the inverse kinetic energy matrix, G@, may be written* 
k’ [ Hx My Ms | 
F i; @=] | (5a) 
The F matrix contains the various force constants, the @ matrix being composed 
of the atomic masses. It should be noticed that wy, wy and yw, designate the 
inverse masses of the respective atoms. By inversion, the following result is 
obtained: 


— k'/[kyk, 
| ky/[kyk, — 


F 1 


(5b) 


(6) 
(ux + py)/D)} 
In the last equation use has been made of the abbreviation 


D = + My Mz 


The mean-square amplitude matrix may be written 


| Oy a’ ] 


| 
z= | 


| 
where the entering mean-square amplitude quantities are specified by 


Normal frequencies 


The familiar equations [3] relating the considered force constants to the normal 
frequencies, as obtained from the secular equation (2), are given in the following: 


Ay Ag = hy (ux fy) ko(ux + Mz) — 2k’ px 


AyAg = — 


(10) 


Equation (1) may be used in an analogous way to establish relations between 
the mean-square amplitude quantities and the normal frequencies. The following 
result is obtained, where the normal frequencies are given in terms of the A, 
values defined by equation (4): 


A, +A; [o,(ux + Mz) + + My) + 


A, A; = — 


(11) 


For the meaning of the symbol D, see equation (7). 


* Elements beneath the main diagonal of symmetric matrices are omitted. 
3) G. Herzperc, Infrared and Raman Spectra of Polyatomic Molecules pp. 173, 191. van Nostrand, 


New York (1945); T. Wentink, Jr., J. Chem. Phys. 30, 105 (1959). 
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The non-bonded distance Y.. . Z 
In addition to the interatomic distances X—Y and X—Z one has the distance 
between the not directly bonded atom pair, YZ. The appropriate displacements, 
r*, are given by 


+f. (12) 


When this displacement co-ordinate is included, the following additional mean- 
square amplitude quantities should be taken into consideration: 


= (r*)?, ror* (13) 


A mean-square amplitude matrix involving all the quantities of equations (9) 
and (13) is given by 


(14) 


The matrix elements 7, 7,’ and 7,’ may be expressed in terms of the quantities 
of equation (9) according to equation (34) of reference [1], viz: 


P V=V (15) 


In this case the V matrix equals 


Approximate formulae for the mean-square amplitude quantities 


As pointed out in the previous article [1], an approximate method for calculating 
mean-square amplitudes of vibration [4] may be applied to the interaction mean- 
square amplitudes as well. Some applications of the method to simple polyatomic 
molecular models, including that of linear symmetrical XY, molecules, have been 
given previously [5]. The same procedure may be applied to the general case of 
linear triatomic molecules, and all the quantities defined by equations (9) and (13) 
may be evaluated. 

In accordance with equation (45) of reference [1], one has for the P matrix of 
equation (14) 


P — + »VF“V + «VGV — {VGFGV (18) 


S. J. Cyvre. Spectrochim. Acta 56 (1959). 
8. J. Cyvmm, Spectrochim. Acta 371 (1959). 
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where the matrix V from equation (16) should be inserted. The coefficients «, £, y 
and 6 may be considered as known constants [1,4]. For the matrices @ and F-', 
see equations (Sa) and (5b). The matrices GFG and (FGF)' — F"'G-'F™ are 
obtained by matrix multiplications from equations (5)-(6). The final formulae 
for the P matrix elements are given in the following 


My iy) 


(k’ 


Uy My Uy My) 


Muy 


My My) 


S35 


a 
¥ i(k, — + + 
hk, + (19) 
= — 
Zu 
yk'{k,k, — (k’ 195) 
+ o(k, +k, — 2k’ — 
= 
wily — i pity - My My | 
. 
vik, — — 
To Lily 
— + ky — 2k — — — 
Kk, + (24) 


Vibrational mean-square amplitude matrices—II 


Linear symmetrical XY, molecules 


The present treatment is applicable to linear symmetrical XY, molecules by 


putting = wy, ky = ky = kando, = o, = «a. Also the interaction mean-square 
amplitudes 7,’ and 7,’ turn out to be identical, and will be denoted by 7’. It is 
found that the equations for the normal frequencies (10) and (11) in this case may 


be replaced by linear equations: 
Ay = (k + k’)py, Ag = (k — + py) (25) 


A, (a a’ 7 —o')(2uy + (26) 
By means of equations (26) and (17), all the considered mean-square amplitude 
quantities may be expressed in terms of the normal frequencies and the atomic 
masses with the following result: 


A;(24x + fy)] (27) 
HA — A;(2ux + (25) 
My (29) 
Ai (30) 


The approximate mean-square amplitude quantities for the type of molecules 
here considered are obtainable from equations (19)-(24) by performing the 
appropriate substitutions. For two of these quantities (viz. o and 7 in the present 
notation), see reference [5]. However, such formulae will in this case be practically 
unimportant because of the simplicity of the expressions in (27)-(30). 


Discussion 

In the general case of linear triatomic molecules, the linear part of the harmonic 
potential energy function contains three force constants. Their connection with 
the normal frequencies of the parallel vibrations, viz. y, and v,, is given by equations 
(10). It should be emphasized that the two frequencies, as obtained from 
experiments, are insufficient for the complete determination of the vibrational 
constants, if a specific molecule is considered. An analogous situation occurs 
when the mean-square amplitude quantities are considered. In accordance with 
equations (11) there are three independent mean-square amplitudes, connected 
with the two normal frequencies. 

In this connexion the determination of mean-square amplitudes of vibration 
from electron-diffraction [6] is worth while discussing. It is interesting to notice 
that there are three types of interatomic distances in the considered case, the 
corresponding mean-square amplitudes of vibration being o,, ¢, and 7+ in the 
present notation. In principle, all of these quantities are detectable from 


6) See, e.g., P. Depye,J.Chem. Phys. 9, 55 (1941); 1. L. Karve and J. Karve, 17, 1052 (1949); [bid 
18, 963 (1950); L. S. Barrecy, L. O. Brockway and R. H. Scowennpeman, Jhid. 23, 1854 (1955): 
Y. Mortno and E. Hinora, [bid. 23, 737 (1955); O. Basti ansen and S.J.Cyvin, Nature 180, 980 (1957 
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electron-diffraction data. If such measurements could be performed with sufficient 
accuracy, it would be possible to use the resulting mean-square amplitude values 
for calculating all the discussed harmonic vibrational constants, also including 
the fre quencies of the parallel vibrations 


On account of the greater sy mmetry in the special case of linear svmmetrical 


XY. molecules, the number of the force constants, as well as the independent 


mean-square amplitude quantities, is lowered by one. In consequence, for a 
molecule of this type the normal frequencies are sufficient for detecting all the 


harmonic vibrational constants. 
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Uber das Benzylradikal und einige substituierte Benzylradikale 


H. und M. SrockBurGer 
Aus der Forschungsstelle fiir Spektroskopie in der 
Max-Planck-Gesellschaft, Hechingen 


(Rece ived 9 June 1959) 


Abstract—It is shown that the second excited state of the benzyl radical, which was disc: 
by Porter and Wricutr with the he Ip of flash photolysis, can also be detected by abso 


measurement in a glow discharge. An estimate of the lifetime of the radical from the glow 


discharge gave a higher value than that discovered by Porter using flash photolysis. A series 
of aromatic compounds are listed with which benzyl radicals can be detected by their emission 
spectra in the glow discharg: The mechanism of dissociation which leads to these radicals is 
discussed. It is shown that the probability of dissociation of different substituents on the 
x-C-atom varies regularly with their heat of s paration \ comparison between the radicals 
which are found in the glow discharge and those which are found by photolysis in the solid 
phase at 107 PorTeR and STRACHAN) reveals specific differences which are discussed in 


detail. The appearance of styrene in both methods is also discussed 


Um neue Gesichtspunkte fiir die Bestimmung der Triiger der Emissionsspektren 
organischer Molekiile, welche in der Glimmentladung auftreten, zu erhalten. 
haben die Verfasser in einer kiirzlich veréffentlichten Arbeit [1] versucht, die 
gegenseitigen Beziehungen der Variablen, die bei einer solchen Entladung auf- 
treten, quantitativ zu erfassen. Es handelt sich hierbei um solche Gréssen wie 
Spannung, Stromstirke, Druck des Triigergases und der Untersuchungssubstanz. 
Temperatur im Entladungsraum und Intensitit der beobachteten Spektren. Vor 
allem haben sich fiir den Intensititsverlauf der Spektren in Abhingigkeit von der 
Stromstirke und der Spannung charakteristische Kurven ergeben, die neue 
Hinweise fiir die Bestimmung der Triiger liefern. 

Um noch mehr experimentelle Aussagen zu erhalten, wurden die Emissionsbeo- 
bachtungen durch zusiitzliche Absorptionsmessungen erweitert. Fiir den Nachweis 
der gewohnlich sehr schwachen Absorptionen hat sich die Verwendung von 
Sekundirelektronenvervielfachern (Multiplier) besonders bewihrt. Als Licht- 
quelle wurde eine Wasserstofflampe benutzt. Ihr Licht geht, durch eine Quarzlinse 
parallel gerichtet, durch den Beobachtungsraum der Entladungsréhre. Eine 
zweite Quarzlinse bildet das parallele Lichtbiindel auf den Eintrittsspalt eines 
mittleren Hilger-Quarz-Spektrographen ab. Mit dieser Linse wird gleichzeitig das 
Emissionsleuchten aus dem Entladungsrohr auf den Spalt abgebildet. Mit Hilfe 
eines Multipliers, dessen Spalt auf der Fokuslinie des Spektrographen entlanggleitet., 
werden folgende Messungen ausgefiihrt: 

(1) Das kontinuierliche Emissionsspektrum der Wasserstofflampe wird im 
Bereich von 3600-2400 A ohne Untersuchungssubstanz in der Entladunesréhre 
und ohne Entladung registriert (Nullkurve, Kurve 1). 

2) Dann wird bei strémender Untersuchungssubstanz aber ohne Entladung 


H. Scnit'cer und M. Srockrurcer, Z. Naturforsch. 14a, 229 (1959 
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das durch die Absorption der Untersuchungssubstanz verinderte Kontinuum 
aufgenommen (Kurve 2). 

(3) Schaltet man nun noch die Entladung ein, dann wird das Kontinuum 
noch weiter verindert, wenn sich durch die Entladung neue absorbierende Stoffe 
hilden. Gleichzeitig tiberlagert sich dem H,-Kontinuum noch das Eigenleuchten 
der Entladung (Kurve 3). 

(4) Nach dem Abschalten der Wasserstofflampe wird das Eigenleuchten der 
Entladung registriert (Kurve 4). 

Aus den Kurven | und 2 lisst sich nicht nur die spektrale Lage der Absorption 
der Muttersubstanz bestimmen, sondern man erhailt auch durch die Bildung des 
Ausdruckes log /,(A)/7.(A), [4,(4) Kurve 1, = Kurve 2], bei bekanntem die 
Konzentration der Muttersubstanz im Beobachtungsraum. Zieht man von der 
Kurve 3 die Kurve 4 ab, was im allgemeinen nur eine kleine Korrektur der Kurve 
% bedeutet, dann erhilt man eine Kurve 3a. Vergleicht man diese mit Kurve 2, 
dann lassen sich Absorptionsspektren von stabilen Substanzen oder Radikalen, 
die sich durch die Entladung gebildet haben, nachweisen. Eine Entscheidung, ob 
es sich um stabile Substanzen oder Radikale handelt, lasst sich dadurch treffen, 
dass man unmittelbar nach Abschalten der Entladung eine Kurve 5 aufnimmt. 
Wegen der kurzen Lebensdauer der Radikale ist deren Absorptionsspektrum 
nicht mehr nachzuweisen, wihrend man die Absorption von stabilen Substanzen 
noch bis zu etwa einer Minute nach Abschalten der Entladung findet. Zwar sollte 
die Aufenthaltsdauer der neu gebildeten Molekiile im Entladungsraum auch nur 
ungefihr eine see sein, d.h. ebenso gross wie die Aufenthaltsdauer der str6menden 
Untersuchungssubstanz. Da sich die Molekiile aber in dem ‘‘toten Raum” vor den 
Fenstern Wound W’ (siehe Zitat 1, Abb. 1), wo keine Strémung stattfindet, noch 
einige Zeit aufhalten kénnen, ist ihre lingere Nachweisbarkeit verstindlich. 

In dieser Arbeit soll nun unter anderem gezeigt werden, dass sich mit der 
heschriebenen Methode das Benzylradikal auch durch sein Absorptionsspektrum 
wihrend der Entladung nachweisen lisst. Uber neu gebildete stabile Substanzen 
und deren Entstehungsprozesse wird in einer spiiteren Arbeit berichtet.{2 

Cher den spektroskopischen Nachweis des Benzylradikals liegen bisher fol- 
gende Ergebnisse vor: Wie Abb. 1 zeigt, existieren beim Benzylradikal zwei 
angeregte Zustinde. Der 1. angeregte Zustand bei etwa 22 330 cm~! ist zuerst in 
Emission [3] und neuerdings auch in Absorption [4] nachgewiesen worden. Den 
zweiten angeregten Zustand haben Porter und Wricur [5] mit Hilfe der Flash- 
Photolvse in der Gasphase gefunden. Da nach den bisherigen Erfahrungen in der 
Glimmentladung Ubergiinge vom 2. angeregten Zustand zum Grundzustand bei 
organischen Substanzen in Emission nicht nachzuweisen sind, so bleibt nur noch 
die Frage offen. ob es nicht médglich ist, die Existenz des zweiten angeregten 
Zustandes durch Absorptionsmessungen in der Glimmentladung nachzuweisen. 
Ein Nachweis des 1. angeregten Zustands durch Absorptionsmessungen ist 


»| Spectrochim. Acta, 1959 im Druck 

31 H. und A. Micne., Z. Naturforsch. 10a, 459 (1955); H. Scntter, L. 
R. Koperwe, Jbid. 7a, 421 (1952) 

4) G. Porter und E. SrrRacuan, Spectrochim. Acta 12, 299 (1958). 

(5) G. Porter und F. J. Wricut, Trans. Faraday Soc. §1, 1469 (1955). 
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Uber das Benzylradikal und einige substituierte Benzylradikale 
weitaus schwieriger, da er eine viel kleinere Extinktion besitzt als der 2. angeregte 
Zustand.—Wegen der kurzen Lebensdauer des Benzylradikals, die von PorTER 


unter den Bedingungen der Flash-Photolyse <10~* see [5] angegeben wurde, 
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Abb. 1. Spektroskopische Befunde am Benzylradikal 


schien dieser Nachweis zuniichst wenig aussichtsreich. Es ist den Verfassern aber 
doch gelungen, mit der oben angegebenen Methode die beiden starksten Absorp- 
tionsbanden des Benzylradikals (2 = 3053 A, 2 = 2966 A) zu beobachten; und 
zwar bei Entladungen mit Toluol und Aethylbenzol. 

Beim Benzylradikal aus Aethylbenzol ergab sich fiir log 7,//,, (1, — Kurve 2: 
I,, == Kurve 3a) der stiirksten Absorptionsbande bei 3053 A der Wert 0,018 
(Entladungsbedingungen: Entladungsstrom — 5 mA, Querschnitt des Entladungs- 
rohres 2,5 em®, Druck des He als Triigergas | mm Hg, Gesamtdruck 1,4 mm Hg, 
Feldstiirke in der positiven Siiule 28 V/em). Der Extinktionskoeffizient betragt 
nun fiir den zweiten angeregten Zustand von monosubstituierten Benzolen im 
allgemeinen ungefihr 10* [(Mol/l.)~' Nimmt man versuchsweise fiir das 
Benzylradikal im zweiten angeregten Zustand auch diesen Wert an, dann ergibt sich 
bei einer Linge des Absorptionsweges von 60 cm fiir die molare Konzentration nach 
dem Beer’schen Gesetz c,, = 3 » 10-8 Mol/l. Bei einem Druck von | mm Hg der 
Untersuchungssubstanz entspricht dies einem Verhiltnis Benzylradikal zu 
Untersuchungssubstanz von 5 : 10.000. 

Im stationiren Gleichgewicht und unter konstanten Entladungsbedingungen 
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besteht zwischen der Bildungsgeschwindigkeit des Benzylradikals und der 
Geschwindigkeit seiner Vernichtung die Beziehung 

k,{ Ae] = k,{ B). (1) 
Hierbei bedeuten [Ae] und [B] die Konzentrationen des Aethylbenzols bzw. des 
Benzylradikals, k, das Reziproke der mittleren Lebensdauer des Benzylradikals 
unter den Bedingungen der Glimmentladung und &;, die Ubergangsrate des Mutter- 
molekiils in ein Benzylradikal. Fir die Konstante /, kann nun aus experimentellen 
Daten eine Abschaitzung gegeben werden. Bei den oben angegebenen Entladungs- 
bedingungen wurde gefunden, dass bei einer mittleren Aufenthaltsdauer eines 
Molekiils von etwa 2 sec im Entladungsraum nur etwa 60", der durchgeschickten 
Muttermolekiile in den Kihlfallen angelangen, wihrend die restlichen 40°, durch 
irgendwelche Dissoziationsprozesse verloren gehen. Nimmt man den extremen 
Fall an. dass alle Dissoziationsprozesse zu einem Benzylradikal fiihren, dann 
erhilt man 4, 0.2/sec. Fir k, ergibt sich dann aus (1) 400/sec bzw. fiir die 


mittlere Lebensdauer des Benzylradikals als unterster Grenzwert 2,5 « 10-% see. 


Dieser Wert wurde abgeschiitzt unter der Annahme eines Extinktionskoeffizienten 
von [(Mol/l.)~ x em~*| fiir die starkste Absorptionsbande des Benzylradikals. 
Wahlt man den Extinktionskoeftizienten noch um eine Zehnerpotenz grosser, dann 
wird die Lebensdauer 2,5 10-4 sec, Dagegen fanden Porter und Wricut [4], 
wie oben bereits erwihnt wurde, unter ihren Versuchsbedingungen einen Wert 

10-4 see. Da die Lebensdauer eines Radikals keine Konstante ist, sondern sehr 
stark von seiner Umgebung abhiingt, ist ein Unterschied zwischen der Glinnment- 
ladung und der Flash-Photolyse durchaus zu erwarten. So besteht die Méglichkeit, 
dass die Lebensdauer des Benzylradikals in der Glimmentladung grésser ist als im 
Reaktionsgefiiss der Flash-Photolyse. Denn in diesem tritt, entsprechend den 
Versuchsbedingungen, eine viel stiirkere momentane Konzentration an Radikalen 
auf. als sie der stationiiren Konzentration in der Glimmentladung entspricht. 
Hierdurch ist eine stirkere Wechselwirkung der Radikale untereinander bedingt. 
was wiederum zu einem schnelleren V« rschwinden derselben und damit zu einer 
kiirzeren Lebensdauer Anlass gibt. 

Auf den Bildungsprozess des Benzylradikals aus einem angeregten Zustand des 
Muttermolekiils ist bereits friiher hingewiesen worden.{1] So konnte beim Toluol 
aus der Abhingigkeit der Intensitit des Emissionsspektrums des Benzylradikals 
von der Entladungsstromstirke (Typ Ib) [1] gezeigt werden, dass das Benzylradikal 
hereits im angeregten Zustand entsteht, und zwar in einem Primiirprozess. Aus 
energetischen Griinden kann die Entstehung nur von einem héher angeregten 
Zustand des Toluols ausgehen, der bei etwa 50.000 em ' jiegen muss. Der gleiche 
Entstehungsprozess wie beim Toluol konnte inzwischen auch beim Aethylbenzol 
and Phenvlaethyichlorid festgestellt werden. Hier entsteht das Benzyvlradikal 
durch Abspaltung einer CH,-Gruppe bzw. einer CH,Cl-Gruppe. Anders liegen die 
Verhiltnisse beim Dibenzyl (C,H,;—CH,—CH,—C,H;) und Diphenylmethan 
(C,H.—CH,—C,H;). Hier tritt ebenfalls, jedoch schwiicher, das Emissionsspek- 
trum des Benzylradikals auf. aber die Abhingigkeit der Intensitiit von der Strom- 
stiirke zeigt ein anderes Verhalten (Typ IJ) [1]. Dies bedeutet, dass das Benzy!- 
radikal nicht im angeregten Zustand entsteht, sondern erst durch einen zweiten 
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Elektronenstoss angeregt werden muss. Dadurch wird auch verstindlich, dass die 
Intensitét des Benzylradikalspektrums bei diesen beiden Substanzen um mehr als 
den Faktor 10 geringer ist als beim Toluol und Aethylbenzol. 


Tabelle 1. 


Radikale 
substanz 
Glimmentladung, Gasphas« Photolyse in der Photolyse in fester Phase bei 


Emission Gasphase, Absorption[5 197°, Absorption®{7 


Toluol sCH, H gH, CH, C,H,CH, 
Aethylbenzol sH,CH, CH, gH, CH, CgH,CHCH, 
senzyichlorid Hy Cl H, H, 
Phenylessigsa ure COOH C,H,CH, cooH 
Phenylaethylichlorid H, ( Styrol HCl) 
Benzylamin NH, gH NH, 
Diphenylmethan sH,CH, CoH, gH, CH, JH, C,H ,CHC,.H, 
n-Propylbenzol sH,CH, CH,CH, 
Phenyl-n-propylchlorid sH,CH, CH,CH,C] 
Dibenzy! CH,C.H, Befund negativ CgH CH 
Benzyicyanid gH ,CH(CN) +H C.H.CH, 
p.o,m-Xvlol HCH, H p-CH, C,H CH, ,0,m-CH CH, 
1,3,5-Trimethylbenzol 
).-Propylbenzol ,H,CHCH, 
tert.-Butylbenzol 

Butylbenzol Hy 
sek.- Butylbenzol sCHCH, 


In der Tabelle 1 zeigt die Spalte | alle bisher beobachteten Dissoziationsvor- 


giinge an, die zur Bildung des Benzylradikals bzw. eines substituierten Benzy|- 


radikals fiihren. Wie die Abb. 2 und 3 erkennen lassen, liegen die Emissionsspek- 


tren aller dieser Radikale (UChergang vom ersten angeregten Zustand des Radikals 
zum Grundzustand) im gleichen Spektralbereich (4450-5300 A). Die Spektren 
sind mit einem Fe-Vergleichsspektrum aufgenommen und mit einer Wellen- 
lingenskala versehen, so dass man sich von den kleinen Verlagerungen der 
substituierten Benzylradikale gegeniiber dem Benzylradikal leicht tiberzeugen 
kann. In Abb. 2 ist das Benzylradikalspektrum (Spektrum a) verglichen mit den 
Spektren des p,o,m-Methylbenzyls aus p,o,m-Xylol (Spektren b, c, d) und des 
Dimethylbenzyls (Spektrum e), das aus 1,3,5-Trimethylbenzol entstanden ist. 
In Abb. 3 ist das Benzylradikalspektrum in der gleichen Weise dem Spektrum des 
x-Methylbenzyls aus iso-Propylbenzol (Spektrum b) und dem Spektrum des 
a-Cyanbenzyls aus Benzyleyanid (Spektrum c) gegeniibergestellt. 

Die Ergebnisse der Glimmentladung zeigen, dass sich im gasf6rmigen Zustand 
bei einer Dissoziation in der Seitenkette sehr hiufig das Benzylradikal bildet. Es 
besteht also in der Gasphase die Méglichkeit, dass sich selbst gréssere Molekiil- 
bruchstiicke vom Muttermolekiil abspalten. Es tritt nun die Frage auf, in welcher 
Reihenfolge die Dissoziation bei verschiedenen Substituenten am «-C-Atom vor 
sich geht. Zum Beispiel trennt sich beim Benzyleyanid nicht die CN-Gruppe ab, 
sondern ein Wasserstoffatom, wiihrend beim Benzylamin sich die NH,-Gruppe 
abspaltet. Aus den Radikalen, die sich aus Benzyleyanid, Aethylbenzol und 
sek.-Butylbenzol bilden (siehe Tab. 1), ergibt sich zuniichst folgende Reihenfolge 
der Dissoziation: CN, H, CHs, C,H,;, wobei CN am schwersten und C,H, am 
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leichtesten abgetrennt wird. Vergleicht man diese Reihenfolge mit den Abtren- 
nungsarbeiten der verschiedenen Substituenten vom Benzyl, wie sie von SzwarRc 
(6) mit Hilfe der Pyrolyse gewonnen wurden, 


CN H C,H, CH, JH, NH,  CH,C,H, 


O5 77,5 76.5 63 59 47 Keal 


so sieht man, dass die Bereitschaft der vier oben angegebenen Substituenten sich 
vom Benzyl abzuspalten mit der Grosse der Abtrennungsarbeit parallel liuft. Die 
Tatsache, dass sich die Gruppen C,H,, NH,, CH(CH,), und CH,C,H, leichter 
abspalten lassen als der Wasserstoff stimmt damit tberein, dass alle diese Gruppen 
eine kleinere Abtrennungsarbeit haben als Wasserstoff. Die eigentliche Erklirung 
fir dieses Verhalten der Substituenten diirfte wohl in den Eigenschaften der 
Potentialflichen der angeregten Zustinde der Muttermolekiile zu suchen sein. 

In Spalte I] der Tabelle 1 sind zum Vergleich die Ergebnisse der Photolyse in 
der Gasphase angegeben. Soweit Resultate vorliegen, scheint bis auf den negativen 
Befund beim Dibenzy!, eine Chereinstimmung in den gefundenen Radikalen vor- 
zuliegen. Beziiglich des Benzylchlorids ist noch zu bemerken, dass es in der 
Photolyse eine starkere Benzylradikalabsorption aufweist als das Toluol, wiihrend 
in der Glimmentladung das Benzylradikalspektrum beim Benzylehlorid um ein 
vielfaches schwiicher ist als beim Toluol. 

In Spalte II] der Tabelle | sind zum weiteren Vergleich die Radikale angegeben, 
die Porter und Srracuan [7] bei der Photolyse in fester Phase bei 197° in 
Absorption festgestellt haben. Aus Spalte | und III] ergibt sich beim Aethylbenzol, 
Diphenylmethan, Dibenzyl, isoPropylbenzol, Benzyleyanid und Phenylaethy!- 
chlorid ein unterschliedliches Verhalten zwischen der Gasphase und der festen 
Phase. Wahrend in der Glimmentladung bei den ersten vier Substanzen gréssere 
jruchstiicke abgetrennt werden, wird in der festen Phase jeweils nur ein H-Atom 


abgespalten. Offenbar handelt es sich bei der Dissoziation in der Gasphase um 


einen intramolekularen, durch die Umgebung nicht beeinflussten Prozess, wihrend 
in der festen Phase, worauf Porter und STRACHAN [7] bereits hingewiesen haben, 
durch die umgebenden Lésungsmolekiile andere Bedingungen geschaffen werden 
(Kafigeffekt). Darin liegt wohl der Grund, dass die Dissoziationswahrscheinlichkeit 
eines Substituenten am z-C-Atom nicht mehr parallel lauft mit seiner Abtren- 
nungsarbeit, wie dies oben fiir die Gasphase festgestellt werden konnte. So trennt 
sich zum Beispiel beim iso-Propylbenzol in der festen Phase ein H-Atom ab, obwohl 
die C—H-Bindung starker ist als die C—C-Bindung. 

Weiterhin haben Porter und StTrRacHAN [7] darauf hingewiesen, dass sich bei 
Molekiilen der Struktur C,H,CHXCH,Y Styrol (C,H,CH=—CH,) und das Molekiil 
XY bilden und zwar bei ihren Versuchen in der festen Phase bei —197°. Bei den 
in Tabelle | angegebenen Substanzen kann in 3 Fallen ein Vergleich zwischen der 
Glimmentladung und der festen Phase angegeben werden. 

Das unterschiedliche Verhalten der drei genannten Substanzen beziiclich der 


6) M. Szwarc, Chem. Rev. 47, 75 (1950 
7: G. Porter and E. Srracnan. Tronse. Faraday Soc 54, 1505 (1958). 
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Abb. 2. (a) Spektrum des Benzvlradikals aus Toluol: (b)—(d Sy ktren des pom 
Methylbenzylradikals aus p,oym-Xylol; (e) Spektrum des Dimethylbenzylradikals aus 
1,3,5-Trimethylbenzol. 


Abb. 3. (a) Spektrum des Benzylradikals aus Toluol; (b) Spektrum des «-Methylbenzyl- 
radikals aus ¢-Propylbenzol; (c) Spektrum des «-Cyanbenzylradikals aus Benzyleyanid, 
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Styrolbildung lisst sich zwanglos erkliren. In der festen Phase ist beim Aethyl- 
benzol durch die Abtrennung des Wasserstoffs am a-C-Atom und durch das 
Verbleiben der CH,-Gruppe (Kiifigeffekt) eine Méglichkeit der Styrolbildung in 
einem Primirprozess gegeben, wihrend in der Glimmentladung infolge der 
dominierenden CH,-Abspaltung und Bildung des Benzylradikals das Styrol 


Feste Phase 
197 


Ciimmentladung 


Ciasphase 


\ethylbenzol C,H,CHCH, 

und Styrol kein Styrol 
Phenylaethylchlorid kein Radikal, C,H.CH,, 

nur Styrol Styrol schwach 
i-Propylbenzol 4)», C,H,CHCHs, 


kein Styrol und Styrol 


primar nicht entstehen kann. Beim Phenylaethylchlorid wird in der festen Phase 
durch die Affinitat des Chlors zum Wasserstoff die Bildung von Styrol und HCI so 
bevorzugt, dass tiberhaupt kein Radikal, sondern nur das Styrol beobachtet wird. 
In der Glimmentladung wird dagegen durch die vorherrschende Bildung des 
Jenzylradikals und Abspaltung der Gruppe CH,Cl eine primare Bildung des 
Styrols unméglich. Damit stimmt auch die Beobachtung iiberein, dass bei grosser 
Stromungsgeschwindigkeit der Substanz durch den Entladungsraum zuniichst 
kein Styrol gefunden wird. Erst bei langsamer Strémung, bei der sekundire 
Bildungen moglich sind, kann Styrol in Absorption schwach nachgewiesen werden. 
Beim iso-Propylbenzol ist in der festen Phase durch die Abtrennung des einzigen 
H-Atoms am «-C-Atom keine Méglichkeit der Styrolbildung gegeben, wihrend in 
der Glimmentladung durch Verbleiben des H-Atoms am «-C-Atom durch Abspal- 
tung eines CH,-Molekiils die primaire Bildung von Sty rol méglich ist. 


Die von Porter und Srracuan [6] bei Verbindungen des Typs C,H,CHXCH,Y 
aufgeworfene Frage, ob eine Abspaltung des Molekiils XY unter Bildung von 
Styrol in einem Primarprozess moglich ist, kann in der Gasphase vorlaiufig nur beim 
iso-Propylbenzol positiv heantwortet werden. Die prinzipielle Frage primirer 
“Molekiilabspaltungsprozesse wurde bereits von ScntLer und Lurz| 8] diskutiert. 
In neueren Untersuchungen konnten die Verfasser bei einer Reihe von aromatischen 
Verbindungen solche primaren “Molekiilabspaltungsprozesse nachweisen. Dar- 
iiber soll in einer folgenden Arbeit berichtet werden. 


8) H. und E. Lutz, Spectro him. Acta 10, 61 (1957) 
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Abschliessend liisst sich etwa folgendes sagen: In der Gasphase der Glimment- 
ladung wird die Dissoziation im wesentlichen durch intramolekulare Vorgiinge am 
angeregten Einzelmolekiil bestimmt, da bei einer mittleren Zeit von 10-*-10~7 see 
zwischen zwei Stéssen das angeregte Molekiil bei seiner Lebensdauer von 
etwa 10-° sec als isoliertes System zu betrachten ist. Eine spezifische Wechselwir- 
kung zwischen angeregten und nicht angeregten Muttermolekiilen liegt wohl im 
Bereich der Méglichkeit, konnte aber bis jetzt noch nicht festgestellt werden. 

In der festen Phase kénnen sich auf Grund der Versuchsbedingungen die 
velésten Molekiile untereinander nicht beeinflussen, dagegen wird das Verhalten 
des Einzelmolekiils durch die umgebenden Lésungsmittelmolekiile beeinflusst. 

In der Glimmentladung ist die Bildung des Benzylradikals bzw. eines substi- 
tuierten Benzylradikals bei den in Tabelle 1 angegebenen Verbindungen nicht der 
einzig movliche Dissoziationsvorgang. Bei einer Reihe dieser Stoffe konnte durch 
Absorptionsmessungen die Entstehung von Benzol nachgewiesen werden. Dieser 
Befund deutet darauf hin, dass auch der gesamte Substituent vom aromatischen 
Ring abgespalten werden kann. Das so entstandene Phenvlradikal bildet sich 
dann durch Einfangen eines H-Atoms zum Benzol um. 

Die Anregungszustinde, aus denen heraus in einem primiren Prozess ein 
angeregtes Benzylradikal entsteht, wie es beim Toluol, Aethyibenzol und Phenyl- 
aethvichlorid sich ergeben hat. sollte man durch Fluoreszenzuntersuchungen im 
fernen UV bestimmen kénnen 

Fiir die Analyse der Reaktionsprodukte der Entladung ist beabsichtigt, 
zusitzlich zu den hier erwaihnten Absorptionsmessungen im UV noch die Gas 
chromatographie und die Infrarotspektroskopie heranzuziehen. Auf diese Weise 
diirfte es méglich sein, weitere detaillierte Unterlagen fiir die Prozesse zu gewinnen, 


die sich in der Glimmentladung an organischen Molekiilen abspielen. 


Zusammenfassung 
Es wird gezeigt, dass der zweite angeregte Zustand des Benzylradikals, der von 
PortTeER und Wricut mit Hilfe der Flash-Photolyse gefunden wurde, auch in der 
Glimmentladung durch Absorptionsmessungen nachgewiesen werden kann. Eine 
Abschitzung der Lebensdauer des Radikals ergab in der Glimmentladung einen 
vrésseren Wert als er von Porter mit Hilfe der Flash-Photolyse gefunden wurde. 
Es werden eine Reihe von aromatischen Verbindungen angefiihrt, bei denen 


Benzylradikale bzw. substituierte Benzylradikale durch ihre Emissionsspektren 


in der Glimmentladung nachgewiesen werden konnten. Der Dissoziationsmechanis- 
mus. der zu diesen Radikalen fiihrt, wird diskutiert. Dabei zeigt sich, dass die 
Dissoziationswahrscheinlichkeit von verschiedenen Substituenten am x-C-Atom 
mit ihrer Abtrennungsarbeit parallel geht. Der Vergleich zwischen den Radikalen, 
die in der Glimmentladung gefunden werden und denjenigen, die bei der Photolyse 
in fester Phase (PorTEeR und STRACHAN) bei —197°C auftreten, ergibt spezifische 
Unterschiede. die im einzelnen diskutiert werden. Das unterschiedliche Auftreten 
von Stvrol bei beiden Methoden wird ebenfalls diskutiert. 
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Abstract \ qualitative explanation is given for the shape of the bands of dissolved polar mol 
cules (in liquid or compressed polar solvents) observed in infrared spectroscopy; the influence 
hindering potentials for the free rotation of the dissolved molecule is taken 

explain the general appearance of a strong central maxumum in these bands 

simultaneous existence of molecules influenced by various intensities of thes 

tials, one can interpret the subsidiary maxima sometimes observed in the vibrational bands in 


dense solvents. The cage model has been used to describe statistically the spatial distribution 


of the perturbing mole 


I. Introduction 

LA DISSOLUTION dans un liquide ou un gaz comprimé entraine une modification 
profonde du profil des bandes de vibration infrarouges des corps polaires simples. 
Le spectre infrarouge d’un tel corps présente en effet des bandes de vibration ré 
solubles en branches (correspondant a une variation donnée de la longueur du 
moment angulaire); ces branches sont elles mémes composées de raies dont chacune 
se rapporte a un certain niveau rotationel initial pour la transition considérée. 
L’étude expérimentale des bandes de vibration du méme corps en solution diluée 
liquide ou gazeuse dans un solvant non polaire et chimiquement inerte par rapport 
au solute a permis de faire certaines constatations générales que nous essayouis ici 
d'interpréter qualitativement. 

Des travaux expérimentaux ont été récemment effectués sur cette question, 
travaux portant sur les bandes fondamentales de vibration de FH, CLIH, BrH, CO, 
dissous dans He, A, H,, O,, N, gazeux comprimés [1], de CIH dissous dans N, et 
A liquide [2] et de FH, CIH, BrH, 1H, CO, NO, CH, dissous dans CCl, et CS, 
liquides [3] [4]. Les mémes auteurs ont également étudié l effet d'une variation de 
température, soit 4 densité constante dans le cas des solutions gazeuses comprimées 
[2] soit a pression extérieure constante pour les solutions liquides [3,4]. On trouvera 
dans la référence [3] une bibliographie plus complete sur cette question. 

De ces données expérimentales il ressort que le profil des bandes subit toujours, 
lors du passage de l'état gazeux a l'état dissous, une grande simplification. Les 
raies de rotation disparaissent et il apparait toujours un intense maximum central, 


que la bande du gaz présente ou non une branche Q. Ce maximum central est, dans 
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les mélanges gazeux comprimés, d’autant plus important que la densité du gaz 
perturbateur est élevée. Il peut étre accompagné dans le cas des solutions liquides 
d’épaulements de moindre intensité, épaulements qui semblent correspondre sux 
maxima des branches P et R du gaz/3,4). Enfin une augmentation de la tem- 
perature de la solution (liquide ou gazeuse) se traduit par une diminution de 
lintensité du maximum central. On note de plus que l'intensité totale des bandes 
peut subir des variations notables [5] et que le maximum central caractéristique de 
l'état dissous subit un déplacement Av vers les grandes longueurs d’onde (de 
quelques em”! a quelques dizaines de em~') par rapport a la fréquence de vib- 
ration pure a l'état gazeux [6]. Des nombreux travaux qui ont été consacrés 
* 


jusqu ici a ces déplacements,* il ressort que le mécanisme d’interaction dipole- 


dipole induit est trés insuffisant, dans la plupart des cas, pour rendre compte de 


l importance de leffet observé. Par contre des calculs récents [7] ont montré que 
effet des interactions de London sur Ay pouvait étre important, du moins dans 
le cas des hvdracides dissous 

Nous ¢tudierons au paragraphe suivant comment se modifie la structure de 
rotation dans un couple de deux molécules et tenterons au paragraphe ILI, pour 
rejoindre les conditions experimentales, d’étendre ces considérations au cas de 
plusieurs molécules perturbatrices. Notre but principal est de proposer un méca- 
nisme pour apparition d'un maximum central trés intense dans les spectres des 


mélanges denses. 


II. Modification de la structure de rotation dans un couple 
(molécule polaire optiquement active et molécule perturbatrice) 

Considérons linteraction d’une molécule du corps dissous (molécule 1) et d'une 
molécule du solvant (molécule 2) distantes de R (Fig. 1). Ce couple est le siége d’un 
potentiel d’interaction, généralement supposé séparable en une partie radiale V( 2) 
et une partie angulaire u( PR; 6,, 9.. ¢,, g,). Cette partie angulaire est, dans notre 

somme des contributions provenant des interactions suivantes: 

dipdle permanent de 1—dipdle induit dans 2. 

dipéle permanent de 1-—quadrupdéle permanent de 2. 

quadrupdéle permanent de 1—quadrupdle permanent de 2. 

anisotropie des actions de dispersion. 

présence éventuelle d'une forte inhomogénéité de la structure électrique 

de 1. Dans ce cas le centre de gravité de 1 ne coincide plus avec le centre de 

vravité des charges ¢lectriques qui tourne autour de lui, pouvant entrainer 

une variation importante de Vénergie dinduction. 
Les expressions analytiques de ces divers types d’énergie sont rassemblées a la 
de cet article. 
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Fig. 1. Coordonnées repérant lorientation mutuelle de deux molécules dans un couple. 


La présence de ces potentiels altére A la fois les niveaux d’énergie et les pro- 
habilités de transition de la molécule 1.* 

Les potentiels u, et u, ainsi que certains termes de u, étant des fonctions de 
cos* 6, (cf. Appendice) ont done une allure symétrique par rapport au plan 6, = 7/2. 
Leur somme u, provoque done une distorsion des fonctions d’onde du rotateur libre, 
distorsion symétrique par rapport a ce plan (Fig. 2a). u, ne saurait done altérer 
la validité de la régle de sélection AJ + 0 qui est précisément basée sur la symétrie 


du carré de la fonction d’onde par rapport a 6, = 7/2. 


Fig. 2. Déformation de la fonction d’onde Y,, (trait plein) par un potentiel u, (Fig. 2(a)) 
et par un potentiel u, (Fig. 2(b).) 
Par contre les potentiels u,, uv; et le terme en sin 6, cos 0, de uz, de somme u,, 
ne sont pas symétriques par rapport a 4, = 7/2. On peut, a cause de cette asy- 
métrie, représenter approximativement leur forme par: 


u, = A(9s, Po, R) + BOs, Po, R) cos 4, (1) 


Cette expression est analogue, par sa forme analytique, a celle de l’interaction d’un 
moment dipolaire permanent avec un champ indépendant de lorientation de ce 
dipédle. Cette analogie permet done de parler de champ directeur au sein d'un 
liquide, bien que cette notion ne soit pas trés claire du point de vue moléculaire. 


Dans un potentiel tel que u,, les fonctions d’onde Y,,, du rotateur libre sont 
déformées et deviennent 4% ,,,, ceci de maniére A ce que la nouvelle probablité de 


* En toute rigueur, mais nous ne le ferons pas pour des raisons de simplicité, c'est l'ensemble des 
molécules 1 et 2 dont il conviendrait de considérer les niveaux d’énergie et les probabilités de transition. 
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présence 4 ,,,*, sin 4, d6, dg, soit plus importante dans Ja direction ot u, est 


minimum (Fig. 2b). En plus de la levée des dégénerescences et du déplacement 


des niveaux d’énergie, cette déformation de la fonction d’onde entraine la levée de 
linterdiction de la transition J (Pour les fonctions 4, ,,, le nombre quantique 


J na qu'un role de numerotation, sans rapport direct avec la longueur du moment 


cinétique). La levée de cette interdiction se manifeste lorsqu’on écrit l’élement de 


matrice suivant: 


9,)|*} cos 0, d( —cos 6,) 


(4 


Dans le cas u, = 0, |4,,(9,)|? 4 zy(7 — 6,)\* et le crochet est constamment 


— et élément de matrice 
du moment dipolaire de la molécule | est ainsi différent de zéro: 1 peut done » avoir 


nul. Mais si wu, on a |4,,,(6,))? 


apparition d'une branche ) ind uite par les actions intermoleculaires. 


Pour obtenir une idée de l’intensité de cette bande, il faut d’abord procéder a 


une évalutation de l'‘amplitude de variation Au = 7) — = 9). Dans 
le cas du couple BrH-CS,, par exemple, on a, pour R = Ry = }( Rarn Ress) 
4A. (somme des “‘rayons de Lennard-Jones’’) et, pour 4, par exemple, d’aprés 


les relations donnée. en appendice: 
u(0) = M,O.R, —5.8- 10-14 cas 


u.(7) — u,(0) te (fe ((R, r)-4 (R, 3-10°14 egs 


Dot Au 


Comparons cette variation d’énergie a l’énergie du niveau non perturbé le plus 


peuplé a température normale (J 4): 
Au 28-10-14 
E, 20B ch 
de BrH est trés fortement perturbe par les actions intermoléculaires pour R R, 


~ 1. On peut conclure de cette comparaison que le niveau E 


et que les niveaux inférieurs a £, se réduisent a des librations autour de la direction 


4, %. On constate de plus que, dans la plupart des mélanges étudiés expéri- 


mentalement il existe, soit un couplage dipéle-quadrupoéle (c'est le cas de tous les 


solvants. sauf les gaz rares et H, A cause de sa grande energie de rotation), soit une 
forte asvymétrie électrique de la molécule de soluté (cas de FH, CIH et BrH). Ainsi 


dans la plupart des mélanges étudiés, il existe, méme pour un couple, un potentiel 


orientateur suffisamment intense pour que les niveaux de rotation les plus peuplés 


se transforment en une libration plus ou moins accentuée par rapport a une direction 


fixe 

Evaluons maintenant qualitativement, toujours pour le couple BrH-CS, avec 
R | intensité Io 
raie de la branche F non perturbée: 


le la branche Q induite, rapportée a celle J, ,, de la premiére 


kT Gow cos 4, 


VOL. 
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Les facteurs 2 et 4 proviennent des dégénérescences qui interviennent dans le cas 
limite considéré ici. 

&yy, est énergie du niveau perturbé JM. 

Le calcul des éléments de matrice du numérateur peut se faire en utilisant pour 


les Y,,, leurs expressions asymptotiques pour un |Aw,| trés élevé. On obtient 


ainsi [8] pour les deux premiéres transitions entre ces niveaux limits: 


(Yoo |cos (Aro |cos = (coth a 


l 3 


coth a l/a a 


avec 


* 


|Aw,| ) ~ 10 


2B, he 


Dot 


2- 0,48 + 4-0,27 = 2,04 


On voit ainsi que l’on peut espérer, par le mécanisme ci-dessus, donner une ex- 
plication qualitativement correcte de l’apparition d'un maximum central intense 
dans les bandes de vibration-rotation en solution. De plus, les niveaux de rotation 


les moins élevés étant les plus perturbés, il semble normal que les raies les plus 


proches du centre de la bande soient les premiéres affectées par une augmentation 


de densité du gaz solvant. C’est ce que l’on observe dans les mélanges gazeux 


comprimés [2]. Ces considérations sont 4a rapprocher des critéres de rotation 
indiqués par PAULING [10]. 


III. Structure de la bande fondamentale de vibration-rotation 
d’une molécule polaire en solution 


Les considérations du paragraphe II s’appliquent au cas idéal d’un couple 


moléculaire. Avant d’en déduire des conclusions relatives aux effets expérimentale- 


ment observés pour lesquels la molécule active est entourée d’un grand nombre de 


molécules perturbatrices, nous ferons les deux remarques suivantes: 


(1) Méme dans le cas ot le potentiel ~, serait identiquement nul dans un couple 


approche, au voisinage de ce couple, d’une troisiéme molécule, suffit 4 produire, 


par addition de deux potentiels u, de plans de symétrie différents, un potentiel 


total non symétrique par rapport au plan 6, = 7/2 défini dans le couple initial. 


On peut par la expliquer que, méme pour des molécules telles que CO ayant un 


trés faible moment dipolaire (wu, ~ 0) et possédant une grande homogénéite électrique 


(u; ~ 0), on observe neanmoins une branche Q induite par dissolution [3]. Dans ce 


cas c’est probablement la superposition des potentiels wu, relatifs aux différents 


perturbateurs qui joue le role du potentiel u,. Il est d’ailleurs aisé de voir que, 


[9] J. O. Himscnretper, C. Curtiss and R. B, Brrp, Molecular Theory of Liquid and Gases. John Wiley, 
New York (1954). 
{10} L. Pautine, Phys. Rev. 36, 430 (1930). 
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pour R = R, le potentiel u, peut posséder une amplitude de variation comparable 
a celle de u,; (d’aprés l’équation (6); Au, bey ~ —1,5-10-™ egs). La 
présence d’une branche Q dans les milieux denses (gazeux ou liquides) apparait 
done comme un phénoméne trés général lié soit A la nature méme des molécules en 
présence, soit 4 la réalisation permanente, au sein du mélange, de groupements 
comportant plus de deux molécules. 

2) Dans le cas des solutions liquides, on pourrait penser que la présence de 
perturbateurs tout autour de la molécule de soluté aurait tendance a diminuer 
amplitude de variation du potentiel u, entre 4, =0 et 6, =. Rappelons 
néanmoins a ce sujet: (a) que la notion d’entourage symétrique n’a qu'une signifi- 


ation statistique et qu’en fait l’entourage posséde trés rarement la symétrie sphéri- 


que; (b) que amplitude des potentiels mis en jeu dépend de facon sensible de la 


Fig. 3. (a) Modéle utilisé au paragraphe II] pour expliquer les profils des bandes infrarouges 
en solution. La molécule sissoute est soumise au potentiel V et ses niveaux de rotation se 
modifient suivant qu'elle se trouve au centre ou pres des parois de la cage. Au centre les 
niveaux sont voisins de ceux du rotateur libre. On n’a représenté que les deux premiers 
niveaux de rotation pour chacun des nievaux de vibration entre lesquels seffectue la 
transition La dé generescence du niveau J ] est partielle ment levée par la perturbation 
Ces transitions (fleches en traits pleins) sont analogues & celles du rotateur libre Prés des 
parois la dégénérescence est complétement levée et les transitions les plus importantes sont 
celles qui s eflectuent entre deux niveaux de libration identiques (fleches interrompues) 
Au sommet de la figure on a représenté la perturbation d'un niveau de rotation plus élevé, 
niveau moms sensible 4 linfluence du potentiel u et donnant leiu a des transitions de plus 
en plus voisines de celles du rotateur libre 

(b) Cas limite du modélk precedent donnant lieu a | interpretation proposée dans la 
reference [3 Les effets d'orientation au voisinage des parois sont supposes étre tellement 
importants que seul subsiste le premier niveau de libration pour chaque niveau de vibration 


distance intermoléculaire (en R-" avec n 4) et que cette dépendance permet de 
douer la molécule la plus proche a un instant donné de la molécule active d'une 
influence prépondérante par rapport aux autres molécules légerement plus éloignées. 
On peut done s’attendre a ce que, méme dans une solution liquide, le potentiel u, 
défini au paragraphe II ait une influence prépondérante sur l’allure des bandes de 
vibration. 

Pour un milieu dense l'allure du profil de ces bandes est déterminée par la 
superposition (additive en premiére approximation) des potentiels u relatifs a 
chaque perturbateur. Comme la structure d'un mélange est trop complexe pour se 
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préter & une analyse de détail, nous adopterons le modeéle cellulaire [9] pour 
représenter | etat de la molécule de soluté. Dans ce modéle la molécule de soluté se 
déplace a lintérieur d’un puits de potentiel V(p) ot p est la distance comptée a 
partir du centre du puits (Fig. 3a). V(p) est le potentiel radial moyen auquel est 
soumise la molécule active de la part des molécules de solvant. Ce caractére 


statistique de la notion de cage se traduit également par sa symétrie sphérique. On 


considére [9] que dans les solutions liquides et gazeuses comprimées, la densité est 
encore assez faible pour que | influence des forces attractives se manifeste par un 
maximum de V(p) occupant le centre de la cage. La molécule a done tendance, aux 
faibles températures, 4 étre “‘adsorbée” par les parois de la cage. Pour chaque 
distance p, il existe un potentiel w,(9,), 9, repérant maintenant la direction du 
moment dipolaire de la molécule | par rapport 4 une direction fixe. En vertu des 
remarques précédentes, ce potentiel n'est en général pas symétrique par rapport a 
6, = 7/2 et cette asymétrie a tendance & augmenter lorsque p augmente. Done, 
d’aprés les considérations développées au paragraphe II, la molécule de soluté peut, 
pour un p donné, absorber le rayonnement infrarouge a sa fréquence de vibration 
pure (qui en raison des actions perturbatrices n'est plus égale a la fréquence de 
vibration dans la molécule isolée). L’intensité de la branche Q ainsi induite est 
d’autant plus grande que l’asymétrie angulaire de u,(4,) est plus importante. 
temarquons alors que, si l'on néglige les effets des moments induits par le moment 
M, de la molécule active, lintensité totale d’une bande de vibration est pro- 
Trace {pM,*?} = M,? Trace {p} = M,* = cte (2) 
(p est la matrice statistique relative aux degrés de liberté d'orientation de la molécule 
1). Sila branche Q induite est trés importante, on déduit de (2) que lintensité des 
vestiges des branches P et 2 est alors trés faible. Ainsi le spectre des molécules qui 
se trouvent proches des parois de la cage se réduira 4 une simple branche Q sans 
structure, Ce maximum se superpose au spectre des molécules occupant une position 
plus centrale par rapport a la cage, pour laquelle w,(4,) est moins asymétrique, et 
qui présentent alors des branches P et R plus développées; on peut ainsi expliquer 
l'apparition, dans les solvants gazeux trés comprimés, de maxima centraux dont 
l'intensité augmente avec la densité du gaz perturbateur [1] et la présence, dans 
les solvants liquides non polaires a la température normale, d’épaulements vers les 
grandes et les faibles longueurs d’onde [3,4]. Ces épaulements n apparaissent pas 
dans les solvants polaires [6] car dans ce cas les actions orientatrices entre dipdles 
permanents (en R-# au lieu de R-* ou R~*) sont assez importantes pour se faire 
sentir jusqu’au centre de la cage et induire, quel que soit p, une branche @ 
suffisamment intense pour absorber a son profit l’intensité des vestiges des 
branches P et R. 

D’aprés ces considérations, on peut prévoir que la branche Q induite sera 
d’autant plus intense que le moment quadrupolaire de la molécule perturbatrice 
sera plus élevé (progression He, A, O,, N,, CO, pour les solutions gazeuses 
comprimées*), ou que l’anisotropie électrique de la molécule dissoute sera plus 


* I] semble que l'on doive faire une exception pour H, dont la grande vitesse de rotation entraine 
'annulation de u, si l'on prend la moyenne de cette derni¢re quantité sur 0, et P,. 


855 


we 
1c 
. 
| 


L.. GALATRY 


grande (progression CO-NO-I1H-BrH-CIH-FH pour les solutions gazeuses et 
liquides). Ceci semble bien conforme aux données experimentales [ 1,3). 
LascoMBE, HvonG et Josten [3] ont émis | hypothése que les bandes en solution 
liquide pouvaient étre considérées comme la superposition de deux profils différents 
dia a des molécules “libres” et 4 des molécules dont la rotation serait bloqueée par les 
interactions moléculaires et qui seraient ainsi responsables de la branche Q. Cette 
interpretation semble cohérente avec le present modeéle et peut en étre considérée 
comme un cas limite, cas ott le potentiel V affecte la forme de la Fig. 3(b). On 
peut alors parler de deux sites pour la molécule de soluté. Dans le site I. elle 
serait suthsamment éloignée des molécules du solvant pour que son spectre ait une 
enveloppe rappelant celles des branches P et ?. Par contre. dans le site I. les 
actions orientatrices seraient tellement importantes qu elles rejeteraient A linfini 
le second niveau d'énergie de libration et qu il ne resterait qu une seule transition 
possible entre les deux niveaux de vibration pure (molécules bloquées Plus la 
dimension des puts est vrande plus le volume occ upe par le site | est important. 
rejomnt ainsi les comparaisons faites par BULANIN et Or tova (4) entre l’inten- 


site des maxima lateraux et le volume libre du solvant 


Effet de te m perature 


Revenons au modéle schématisé par la Fig. 3(a). Une augmentation de tem- 
perature a volume constant influence de deux maniéres le processus d'abs rption 
de la molécule du soluté 

(a) La fonction de distribution de la molécule active a l'intérieur de sa cage tend 
a devenir constante car, & cause du facteur e~V'/k7’, le maximum central a une 
influence moins grande et les parois une possibilité d’“‘adsorption”’ moins importante 
ceci tend done a augmenter le nombre de molécules relativement “isolées’’. done 
a accroitre l'intensité des branches P et R et A diminuer celle de la branche @ induite. 

b) La répartition statistique sur les niveaux d'orientation pour une position 

donnée de la molécule active a | intérieur de la cage se modifie également. les niveaux 
superieurs devenant plus peuplés Or les nive LUX SsUpericurs sont de moins en moins 
perturbés par le potentiel directeur « et tendent asymptotiquement vers ceux de 
rotation de la molécule libre. Cet effet tend done aussi A diminuer l'intensité de la 
branche v induite au pront des branches P et R. Ces effets de température ont été 
effectivement constatés dans les spectres des melanges gazeux comprimes [2]. Ils 
ont aussi été observés pour le mélange liquide CS,-BrH [3], mais leur explication 
semble alors un peu plus complexe car, ces derniéres observations étant effectuées a 
pression constante, il faudrait aussi tenir compte de la modification de la forme de 
la cage au cours de l'élévation de la température. 
Remerciements Je remercie Monsieur B. Vopar, Directeur du Laboratoire des Hautes 
Pressions pour « tres utiles discussions au sujet de ce travail. ainsi que Mademoiselle M. L 
Jostex, Profi a Sorbonne, qui ma aimablement communique le manuserit de la 
reference [3 


Appendice 


Si, M. ©, a, y, eet R, désignent, respectivement, le moment dipolaire, le moment 


quadrupolaire, les polarisabilités, le facteur d’anisotropie (%,, ~%,) et 
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les constantes du potentiel de Lennard-Jones, les potentiels u,, u,, uy et 
s écrivent dans les axes de coordonnées de la Fig. 1 {11,12}. 
(1 + 3 cos* 6,) 
R-4M,0, {cos 6, + 2 cos 6, sin 9, sin 6, cos 
3 6, cos 
5 cos* 6, 5 cos* 6, 15 cos* 6, cos* 6, 
cos 6, cos 6, + sin 4, sin 6, cos — (5) 


Ye) cos* 6, Ve cos" 4.) 
cos* 6, + cos* 6, — 3(2 cos 6, cos 6, — sin 4, sin 9, cos — (6) 
Pour le potentiel u,;, nous calculerons seulement la différence Au, = u,(6, = 7) 
u5(9, 0). Pour cela on considérera la molécule d’hydracide comme formée par 
deux ions distants de r et de charge + fe (Fig. 4) ot f est le pourcentage d’ionicité de 


r 
-fe Fig. 4. Coordonnées utilisées pour caleuler 


amplitude de variation de u, 
xX 


molécule 1 molécule 2 


la liaison. A cause de la masse importante du noyau d’halogéne devant celle du 
proton, on peut considérer ce noyau comme fixe, le proton tourant autour de lui. 
La différence cherchée est alors égale a la différence de | énergie de polarisation du 
perturbateur par la charge fe dans les deux positions 6, = 7 et 0, = 0. Cette 
différence s écrit immédiatement: 


Au (fe)? - (R r) ‘| 


r est la longueur de la liaison. 
Pour BrH, nous avons utilisé f — 0,11 [13] ainsi que M = 0.8 D, 0 = 3,1- 
u.es. [14] et r 1,43 A[13). 

Le potentiel u,; possédant son minimum pour 4, = 0 et son maximum pour 
=m peut étre approché par la fonction — Au, - cos C'est cette expression 
approchée qui permet d’obtenir la forme (1) pour le potentiel directeur total. 


Note ajoutée aux épreuves: Aprés lenvoi du manuscrit, nous avons eu connaissance 
d’un travail du Dr. G. TuRRELL, a paraitre au Journal de Recherches du C.N.RS., 
L’auteur de ce travail considére que, dans les mélanges gazeux comprimés, 
lapparition d’un maximum central est de méme nature que l’absorption induite 
dans les gaz homopolaires comprimés. 

Il semble que le type d’interprétation n’exclut pas celui présenté ici, mais 
qu’au contraire tous deux peuvent concourrir pour donner lieu a leffet expéri 
mentalement observe. 


1} H. Marncenavu, Rev. Mod. Phys. 11, 1 (1939 

2) F. Lonpow, J. Phys. Chem. 46, 305 (1942 

3) B. Pr LLMAN et A Pr LLMAN, Les The OTIS Electroniques de la Chimie Urganique p 67 Masson 
Paris (1952). 

14) W. Gorpy, W. V. and R. 8S. TramBaru.o, Microwave Spectroscopy. John Wiley, New York 
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Abstract—In solutions of polar conjugated compounds in polar solvents a displacement of the 
absorption band towards the red has been observed with decreasing temperature. The initial 


displacement to the red of the fluorescent band becomes a displacement to the blue. The 
wave-number position of the fluorescence maximum occurs at a temperature for which the 
first time of relaxation of the dipole orientation of the solvent roughly agrees with the life- 
time of the excited state. At lower temperatures the orientation equilibrium of the excited 


system does not fall completely into line with the emission of the fluorescence. 


Einleitung 

I~ friiheren Arbeiten [9] haben wir den Einfluss der Dielektrizitatskonstante und 
der Brechzahl organischer Lésungsmittel auf die Srokessche Rotverschiebung der 
Fluoreszenz aromatischer Verbindungen untersucht. Dabei handelt es sich um 
solche Verbindungen, die Elektron-Donator- und Elektron-Akzeptor-Gruppen als 
funktionelle Gruppen besitzen, zwischen denen ein teilweiser Ladungsiibergang 
stattfindet (“meropolare Verbindungen’’). Die resultierenden elektrischen Dipol- 
momente haben in den verschiedenen Elektronenzustinden unterschiedliche 
Werte. Falls das mesomere Moment im ersten Anregungszustand grésser ist als 
im Grundzustand, nimmt die Stokessche Rotverschiebung bei Raumtemperatur 
im allgemeinen mit der Orientierungspolarisation zu. Die Wechselwirkungsenergie 
mit dem umgebenden Dielektrikum ist im Anregungszustand grésser als im 
Grundzustand. 

In dieser Arbeit untersuchen wir den Einfluss der Temperatur auf die Stokessche 
Rotverschiebung meropolarer Verbindungen in verschiedenen Lésungsmitteln. 
Dabei zeigt sich, dass die Stokessche Rotverschiebung nicht nur mit zwnehmender 
Temperatur (wegen der zunehmenden Wirmebewegung), sondern von einer 
bestimmten Temperatur ab auch mit abnehmender Temperatur abnimmt (Abb. 1). 
In vielen organischen Lésungsmitteln ist die Stokessche Rotverschiebung etwa bei 
Raumtemperatur am grossten. 


Experimentelles 


Die Kiivetten und der Messvorgang sind in der vorhergehenden Mitteilung [1] 


hbeschrieben worden. Die zur Berechnung des molaren dekadischen Extinktions- 
koeftizienten e erforderliche Bestimmung der Temperaturabhingigkeit des Loésungs- 
volumens erfolgte mit einem diinnwandigen, kalibrierten Reagenzglas in 


\uszugsweise vorgetragen von E. Lippert auf der Europadischen Molekilspektroskopiker-Tagung 
in Freib wg/Br. 1057. 
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Temperaturbidern. Infolge der geringen Genauigkeit dieser Methode betriict der 
relative Fehler bei Banden ohne Schwingungsstruktur A¢ etwa 6°, bei 98°K 
sowie 4%, bei 371°K, aber nur 2% bei 294°K. 

Die verwendeten Substanzen und ihre Herkunft sind in Tab. 1 aufgefiihrt. 
Als Lésungsmittel wurden die in Tab. 2 der vorhergehenden Mitteilung [1] 
angegebenen Mischungen benutzt. Die Herkunft und Reinigung der Chemikalien. 
die zur Herstellung der Mischungen benétigt werden, wird im folgenden beschrieben. 


max é max 


Im Anschluss an die genannten Reinigungsprozeduren wurde ausserdem jede 


10* \/mole cm 


AS 


x10" cm 


Abb. 1. Die Temperaturabhangigkeit des \bsorptions- und Fluoreszenz-Spektrums von 
DNS in ‘soButanol, ¢ 5-10-° molar. Die Fluoreszenz-Maxima sind auf gleiche Héhe 
mit den zugehérigen Absorptionsmaxima gezeichnet 


Komponente fiir sich in die von Prstemer [2] beschriebene Umlaufapparatur 
nach Scnoupe und Mecke (vereinfachte Konstruktion) gegeben. Erst nach mehr- 
stiindigem Betrieb der Apparatur wurde das benétigte Quantum direkt in den 
jeweiligen Messkolben zur Herstellung der betreffenden Farbstofflésung abgelassen. 

Methyleyclohexan (de Haén) wurde nach Ports [3] gereinigt, indem es vier 
Stunden mit dem zehnten Teil seines Gewichts an SO,-freier konzentrierter 
Schwefelsiiure stark geriihrt, dann zweimal mit Wasser gewaschen und _ iiber 
Natriumsulfat getrocknet wurde. Das Lésungsmittel wurde dann iiber Natrium 
durch eine 1,50 m lange Raschig-Kolonne destilliert. Nach Abnahme eines Vor- 
laufs von 10°, der Gesamtmenge wurde an den Vorstoss mittels Schliff ein 1.20 m 
langer Silikagel-Adsorptionsturm angesetzt. Das Silikagel war vorher sorgfiltig 
in Methanol gewaschen und 24 Stunden im Trockenschrank bei 250°C getrocknet 
worden und wurde heiss in den vorgetrockneten Adsorptionsturm gefiillt. Das 
offene Ende wurde darauf sogleich mit einem Calciumchloridrohr, das andere 
mittels eines angeschlossenen Hahnes verschlossen. Die Destillationsgeschwin- 
digkeit wurde so geregelt, dass das Methyleyclohexan nur tropfenweise in den 
Silikagelturm gelangte. Als Riickstand wurden weitere 10°, der Gesamtmenge 


[2| M. Pestemer, Angew. Chem. 68, 118 (1951). 
3] W. J. Ports, J. Chem. Phys. 20, 809 (1952). 
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Tab. 1. Substanz-Verzeichnis 


PP {8} 


Substanz 


-Dimethylamino- 
4’-cyanstilben 
-Dimethylamino- 
4’-nitrostilben 
-Dimethylamino- 
{’-nitrodipheny! 
-Amino 
4’-nitrostilben 
-Amino 200/1 
’-nitrodipheny! 
Amino 229 [ 20) 


7-nitrofluoren 


Tab. 2. Umkehrpunkte der Fluoreszenz-Verschiebung 


T,, und Ai P300°K iy in 1000 em 
Losungsmittel 


(Nr d Mischung 
lab. 2 in [1)}) 


DCS ANS AND ANF 


Methyl lohexan 
12) 
Diathvlather 
is 


n-Butvichlorid 


Priathvlamin 
10) 
Butyronitril 
1) 
Dibutylather 
(9) 
Butylazetat 
(3) 
Methanol/Athanol 
(4) 
Propanol 
(5) 
is0Propanol 
(6) 
‘soButanol 


(7) 


Bez. g Me 19) 
(Cc) (D) (D) 
=e DCS 4 6,1 20 
DNS 7,6 32 
DND 6,9 
ANS 6,8 
AND 6,4 Is 
ANE 2 ~i 25 
7 
| 195: 
: 130 19,3 
0.6 
Fpl45 14,2 14.9 
1,8 1,7 
ric 150 19.0 13.6 14,2 14.9 15.6 
10 1,3 2.0 1,5 1,6 
165 21,2 16.4 16,1 17,5 
0,8 1,5 1.4 1,0 
4 165 19,1 12.0 
0.6 0.6 
a 175 21,5 16,2 17.8 16,7 18,0 
0,5 1.0 O08 0.8 04 

185 19.6 14.0 15,3 14,9 16,3 

0.6 0.7 0.6 0.9 
210 13.8 14.0 
240) 14.3 
250 14.1 
290 19.5 14.0 15 14.5 16,7 16 : 
= 0.1 0.1 0.1 
860 
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verworfen. Daran anschliessend wurde das Destillat einer zweiten Fraktionierung 
iiber frischem Natrium, diesmal ohne angeschlossenen Adsorptionsturm, unter- 
worfen. In die Umlaufapparatur wurde nochmals Natrium gegeben. 

isoPentan (Phillips Petroleum Company, Bartlesville) hatte die Reinheits- 
bezeichnung “pure” mit mindestens 99°, isoPentan. Wegen des hohen Preises 
und der leichten Fliichtigkeit konnte keine eingehende Reinigung vorgenommen 
werden. Das Lésungsmittel wurde lediglich iiber Natrium getrocknet und frak- 


ue 


tioniert destilliert, wobei ein Schlangenkihler von 1,20 m Linge Verwendung 
fand. Das Kiihlwasser wurde vor dem Durchfliessen des Kiihlmantels mit Eis- 
wasser auf 0°C gebracht, die Vorlage wurde mit CO,/Methanol gekiihit. 


isoButylalkohol (de Haén) wurde einmal mit der oben beschriebenen Kolonne 
fraktioniert destilliert. Dann wurde die fiir 1°, H,O-Gehalt berechnete Menge 
Natrium hinzugegeben und nochmals fraktioniert. In die Umlaufapparatur wurde 
etwas Natrium gegeben. 

sutyichlorid (de Haén) wurde zunichst fraktioniert destilliert. Da sich ergab, 
dass hierdurch keine exakte Reinigung zu erzielen war, wurde das Butylchlorid 4 
Stunden mit konzentrierter Schwefelsiure geschiittelt, dann dreimal mit Wasser 
gewaschen, tiber Calciumchlorid vorgetrocknet, tiber Phosphorpentoxyd fraktioniert 
destilliert, 15 Minuten mit wasserfreiem Kaliumcarbonat am Riickfluss gekocht 
und fraktioniert abdestilliert. In die Umlaufapparatur wurde wasserfreies 
Natriumsulfat gegeben. 

n-Butyronitril (Th. Schuchardt) trug die Bezeichnung “reinst’’. Der Siedepunkt 
von 118°C stimmte mit dem Literaturwert iiberein. Da die Substanz besonders 
kostspielig ist, wurde sie meist lediglich einmal in einer kleinen Destillations- 
apparatur tiber eine 40 cm—Einstichkolonne fraktioniert destilliert. In einigen 
Fillen war jedoch eine umfangreichere Reinigung notwendig. Diese wurde durch 
Schiitteln mit Salzsiure und Kaliumkarbonat-Lésung, anschliessender Frak- 
tionierung unter Zugabe eines hoch siedenden Alkohols (Vermeidung von Poly- 
merisation) und von Acetonitril (Bildung binirer azeotroper Gemische mit Wasser 
und Kohlenwasserstoffen) sowie nochmaliger Destillation mit wasserfreiem 
Natriumsulfat erreicht [4]. 

Triithvlamin wurde durch mehrmalige Destallition iiber eine 1,50 m lange, 
mit Raschig-Ringen beschickte Kolonne gereinigt. Die Trocknung erfolgte durch 
festes NaOH (Kp. 88-89°C). 

Butylacetat wurde durch mehrmalige Destillation gereinigt. Doch ist es nur 
schwer von den letzten Resten isoButanol zu trennen, so dass in diesem Lésungs- 
mittel stets Spuren von isoButanol vorhanden sind. 

Die anderen Alkohole und Ather wurden nach den von PEsTEMER [2] ange- 
gebenen Methoden gereinigt. 

Ergebnisse 
(a) Temperaturabhingigkeit der Absorptionsspektren 

Abb. 1 zeigt den Einfluss der Temperatur auf den langwelligen Teil des 

Absorptionsspektrums von DNS in isoButanol. Der Ubersichtlichkeit wegen 


(4) J. W. Terer und W. J. Merwry, U.S. Pat.; vel. Chem. Abstr. 40, 897 (1946); Ibid. 41, 983 (1947); 
Ihid. 42, 2266 (1948); Ibid. 43, 2630 (1949). 
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Abb. 2. Temperaturabhangigkeit des langwelligen Absorptions- und des Fluoreszenz- 
Maximums meropolarer Verbindungen in Triathylamin, « 10-*° molar 


— 


Abb. 3. Temperaturabhangigkeit des langwelligen Absorptions und des Fluoreszenz- 
Maximums meropolarer Verbindungen in Butylchlorid, molar 
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Abb. 4. Temperaturabhangigkeit des langwelligen Absorptions- und des Fluoreszenz 
Maximums meropolarer Verbindungen in isoButanol, « 10-° molar (DNS 5 - 10-* molar) 


Abb. 5. Temperaturabhangigkeit des langwelligen Absorptions- und des Fluoreszenz 
Maximums meropolarer Verbindungen in verschiedenen Alkoholen 
4) Methanol/Athanol 7: 3, « 5+ 10-° molar; 
n Propano! 5-10 molar; 


(6 Propanol 5-10 molar; 
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sind die Spektren nur fiir einige wenige Temperaturen gezeichnet. Mit abneh- 
mender Temperatur nehmen die Wellenzahl des Maximums und die Halbwerts- 
breite der langwelligen Absorptionsbande ab und die Gesamt- und die Maximal- 
Extinktion zu. Die zweite Absorptionsbande bei 35.000 em~! bleibt praktisch 
ungeadndert. 

Die Temperaturabhingigkeit der Wellenzah! des langwelligen Absorptions- 
maximums lisst sich im untersuchten Bereich bei hohen Temperaturen durch eine 
Gerade darstellen, die nach tiefen Temperaturen hin in eine schwach positiv 
vekriimmte Kurve tibergeht. Beispiele zeigen die Abb. 2 bis 5. Die Neigungen 
der Geraden liegen in allen vermessenen Fillen zwischen 7 und 9 em~'/Grad 

Der maximale Extinktionskoeffizient der langwelligen Absorptionsbande von 
DNS Andert sich in isoButanol ebenso wie in Triithylamin um 1°, pro 6 Grad im 
Bereich 150... 200°K und um 0.5% pro 6 Grad im Bereich 300... 350°K. 
Auch die Anderungen der Halbwertsbreite sind in beiden Lésungsmitteln praktisch 
die gleichen und betragen in den genannten Temperaturbereichen 0 bzw i% 
pro 6 Grad. Die Gesamtabsorption fede nimmt mit zunehmender Temperatur 
durehschnittlich um héchstens 1°, pro 6 Grad ab. Ahnliche Werte gelten auch 
fiir alle anderen untersuchten Systeme. Die Tatsache, dass das Produkt aus 
maximalem Extinktionskoeffizienten und Halbwertsbreite der Gesamtabsorption 
nicht streng proportional ist, diirfte auf der Temperaturabhingigkeit der 


Bandenform beruhen. 


(bh) Temperaturabhdngigkeit der Fluoreszenzspektren 


In Abb. 1 ist neben dem Absorptionsspektrum auch das Fluoreszenzspektrum 
von DNS in isoButanol bei einigen verschiedenen Temperaturen eingezeichnet. 
Die Fluoreszenz-Maxima sind dabei auf gleiche Héhe mit den Absorptionsmaxima 
der betreffenden Temperatur gezeichnet. Dadurch kommt zugleich die Beobach- 
tung zum Ausdruck, dass die Fluoreszenz-Intensitat mit abnehmender Temperatur 
zunimmt. Nach hohen Temperaturen hin nimmt die Fluoreszenz-Intensitat so 
rasch ab, dass die Spektren oberhalb 300°K nicht mehr mit hinreichender Genauig- 
keit gemessen werden konnten. Auch bei den weiteren in den Abb. 2 bis 5 und in 
Tab. 2 dargestellten Ergebnissen ist der Temperaturbereich nach oben durch die 
zunehmende Fluoreszenzléschung begrenzt [5, 6). 

Die untere Grenze hingegen ist durch die einsetzende Kristallisation des 
Lésungsmittels gegeben. Lediglich in Methyleyc/ohexan nimmt die Fluoreszenz- 
Intensitat von DNS mit abnehmender Temperatur schliesslich wieder so stark ab, 
dass auch unterhalb 130°K nicht gemessen werden konnte. Dieser Effekt kénnte 
auf einer photochemischen trans — cis Umwandlung beruhen [7]; die cis-Form 
konjugierter Systeme ist erfahrungsgemiiss fluoreszenzunfihig [5]. Bei hoheren 


Temperaturen wurde jedoch weder eine solche Umwandlung noch eine 


Dimerisierung beobachtet [8, 9] 


OnstER, Fluoreszenz organischer Verbindungen. Vandenhoeck und Ruprecht, Gottingen (1951). 
J. BowEnN und J. Sauv, J. Chem. 3716 1058) 
M. Wyman. Chem. Rev. 625 (1955); D. Scucike-Fronumper, Liehigs Annalen, 615, 114 (1958 
Liprert und F. Mout, Z. Elektrochem. 58, 718 (1954 
Lirrert, Z. Elektrochem. 61, 962 (1957 
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Die Kristallisation des Lésungsmittels macht sich durch eine sprunghafte 
Verschiebung der Fluoreszenzbande bemerkbar, da die fluoreszierenden Molekiile 
im Kristall anderen zwischenmolekularen Wechselwirkungen ausgesetzt sind als 
in der Lésung [ 10}. 

Die Halbwertsbreite der Fluoreszenzbanden nimmt mit abnehmender Tem- 
peratur ab. Soweit in unpolaren und schwach polaren Lésungsmitteln eine Schwin- 
gungsstruktur zu erkennen ist, nimmt die Strukturierung mit abnehmender 
Temperatur zu. Bei den Stilbenen ist in allen untersuchten Fallen etwa die gleiche 


Tab. 3. Literaturwerte fiir die erste Relaxationszeit von Flissigkeiten 


bei Raumtemperatur (in 


LOsung in 


Substanz 


Flissigkeit Benzol 


Azeton 2,2 3,2 
Methylazetat 2,2 [21] 3.7 
n-Butylbromid 1] [18] 

Nitrobenzol [21] 12 
Brombenzol 14 [22 10 
Benzophenon 18 21] Is 


n-Octvibromid 


Wellenzahl-Differenz von 1150 em~! zwischen den Schwingungsbanden zu beo- 
bachten. Das diirfte im wesentlichen die Wellenzah] der Valenzschwingungs- 
frequenz der zentralen Vinylgruppe im Franck-Condon-Grundzustand sein. Bei 
allen Fluoreszenzbanden mit Schwingungsstruktur werden drei Schwingungsmaxi- 
ma beobachtet, von denen das mittlere Maximum immer das intensivste ist. In 
Tab. 3 ist die “‘Wellenzahl des Fluoreszenzmaximums” gleich der Wellenzah! des 
mittleren Schwingungsmaximums gesetzt worden. 

Die Abb. 2 bis 5 zeigen Beispiele fiir den Einfluss der Temperatur auf die 
spektrale Lage des Fluoreszenzmaximums. Man erkennt, dass der Verlauf im 
wesentlichen durch die Natur des Lésungsmittels und nur in untergeordnetem 
MaBe durch die Konstitution der untersuchten Verbindung bestimmt ist. Die 
Verschiebungen sind reversibel. 

Mit abnehmender Temperatur steigt die Wellenzahl des Fluoreszenzmaximums 
in Lésungen in niederen Alkoholen an. In isoButanol erfolet der Anstieg aus 
einem Minimum, das etwa bei Raumtemperatur liegt. Beim Ubergang zu Buty!- 
chlorid und zu Triithylamin verschiebt sich das Minimum zu tieferen Tempera- 
turen. In Methyleyclohexan befindet sich das Minimum—falls es existiert 
unterhalb der unteren Grenze des Messbereichs. Die Abnahme von j, mit 
abnehmender Temperatur zwischen 300 und 130°K ist linear und verliuft nahezu 
parallel zu ,. 

In Tab. 3 ist die Lage aller beobachteten Maxima—der *“‘Umkehrpunkte” der 
Fluoreszenzverschiebung—eingetragen. Wahrend die Umkehrtemperaturen 7 


{10} E. J. Bowen und B. J. Chem. Soc. 4320 (1955) 
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innerhalb der Genauigkeit, mit der die flachen Minima tiberhaupt festgelegt 
werden kénnen, eine Funktion des Lésungsmittels allein darstellen, hingt die 
zugehorige Wellenzahl 7, von der Substanz ab. Neben den Werten von iy sind 
auch die Wellenzahldifferenzen As Ps00°k iy angegeben, aus denen das 


Ausmass der Fluoreszenzverschiebung ersichtlich ist. Das Vorzeichen von Aj ist 
in allen Fiillen positiv, in Cbereinstimmung mit der Tatsache, dass die Umkehr- 
punkte immer unterhalb 300°K liegen. Der Ablesefehler fiir Af diirfte im Mittel 
200 betragen. 
Diskussion 

Zuordnung der Banden 

Die untersuchten Verbindungen lassen sich als p-disubstituierte Benzolderivate 
auffassen. Die langwellige Absorptionsbande und die Fluoreszenzbande gehéren 
zu Ubergiingen, mit denen starke innermolekulare Ladungsverschiebungen 
verbunden sind, da die Strukturen vom Typ 


(D — Elektrondonatorgruppe, A = Elektronakzeptorgruppe) an diesen Zustinden 
in unterschiedlichem Masse beteiligt sind. Gréssenordnungsmassig ist die Struktur 
(d) bei den in Tab. 1 aufgefiihrten Verbingungen zu 5°, am Grundzustand {11} 
und zu mehr als 50°, am Anregungszustand beteiligt [9]. 

Die Absorptionsbande bei 35.000 diirfte auf den Ubergiingen 
der aromatischen Ringe beruhen. Diese Uhergiinge sind gleichfalls in der Mole- 
kiilebene, aber senkrecht zur Langsachse polarisiert und daher von der Natur der 
Substituenten weitgehend unabhingig. Diese kurzwellige Absorption bleibe im 
folgenden ausserhalb der Diskussion. 


Wellenzahlverschie hunge n der Bandenmaxima 


Mit abnehmender Temperatur wird in allen Fallen eine Erniedrigung der 
Wellenzah! des Absorptionsmaximums und in bestimmten Fallen, vor allem bei 
hoheren Temperaturen, auch eine Erniedrigung der Wellenzahl des Fluoreszenz- 
naximums beobachtet. Diese Effekte beruhen im wesentlichen auf der mit 
abnehmender Temperatur zunehmenden dielektrischen Polarisierbarkeit des 
Loisungsmittels. Mit zunehmender Dichte der Lésung nimmt die Brechzahl und 
damit die Elektronenpolarisation zu. Wegen der abnehmenden Wiirmebewegung 
nimmt ferner die Orientierungspolarisation in polaren Lésungsmitteln zu. Beide 
Effekte erniedrigen die Energie des stark polaren Anregungszustandes in héherem 
Masse als die Energie des schwach polaren Grundzustandes. 

Mit abnehmender Temperatur nehmen die Besetzungszahlen fiir die héheren 
Schwingungsterme in beiden Elektronenzustiinden ab. Damit iindert sich die 
Wahrscheinlichkeit fiir die Haufigkeit, mit der bei einem Elektroneniibergang ein 
bestimmter Schwingungsterm des Endzustandes erreicht wird. Wie sich diese 
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Hiaufigkeiten und damit die Form und die spektrale Lage des Maximums einer 
Bande indern, ist im wesentlichen durch das Franck-Condon-Prinzip bestimmt, 
sowie durch die Gestalt der Potentialkurven in Bezug auf die fiir die Schwingungs- 
struktur wichtigen Kernkoordinaten. Bei einer genaueren Analyse ist der letzt- 
genannte Effekt aber selbst dann zu beriicksichtigen, wenn die Schwingungs- 


struktur aufgelést und die Wellenzahimessung an einem bestimmten Schwingungs- 


maximum durchgefiihrt werden kann, weil die Form der Potentialflachen von der 
zwischenmolekularen Wechselwirkung und damit von der Temperatur abhingt. 
Die zwischenmolekulare Wechselwirkungsenergie ist ferner mitbestinumend fiir die 
effektive Elektronenstruktur und fiir das Ubergangsmoment. Auch durch diese 
Effekte ist eine Temperaturabhingigkeit der spektralen Lage der Bandenmaxima 


bedingt. Eine ausfiihrliche Diskussion soll an anderer Stelle erfolgen. 


Fluoreszenzabklingzeiten und Relaxationszeiten 


Die Deutung der Umkehrpunkte der Fluoreszenzverschiebung, deren Tem- 
peratur durch die Natur der Lésungsmittel und nicht durch die Natur der Substanz 
bestimmt wird, ist jedoch mithilfe der vorstehend genannten Effekte nicht 
méglich. Fir die Existenz der Umkehrpunkte und die bei tieferen Temperaturen 


einsetzende Verschiebung der Fluoreszenz zu héheren Wellenzahlen muss vielmehr 


ein anderer Mechanismus verantwortlich sein. 


Diesen Mechanismus erblicken wir in der unvollstandigen Einstellung der 


Orientierungspolarisation des Systems im Anregungszustand. 


Raumtemperatur hiingt die Srokessche Rotverschiebung der Fluoreszenz 


in gesetzmiissiger Weise von der Orientierungspolarisation des Lésungsmittels ab. 


Unter der Annahme einer Umorientierung der Lésungsmittelmolekiile nach 
erfolgtem Absorptionsprozess im elektrischen Feld des angeregten Molekiils lasst 


sich nimlich das Dipolmoment des Anregungszustandes aus der Srokes schen 


totverschiebung in unterschiedlich polaren Lésungsmitteln in befriedigender 
Weise berechnen | 9]. 


Mit abnehmender Temperatur nehmen die Relaxationszeiten in den Dipol- 


fliissigkeiten rasch zu. Sie werden schliesslich grésser als die Lebensdauer des 


Anregungszustandes von etwa | musec. Bis zur Emission des Fluoreszenzlichtes 


kann sich der neue Orientierungszustand nicht mehr vollstandig einstellen. Mit 


abnehmender Temperatur erfolgt die Fluoreszenz daher aus einem Orientierungs- 


zustand des Systems, der mehr und mehr dem Ausgangszustand fhnelt. Die 


Stokessche Rotverschiebung nimmt ab und die Fluoreszenz wird zu héheren 


Wellenzahlen hin verschoben. 


Die Lebensdauer des Anregungszustandes ist gleich der Abklingzeit der 


Fluoreszenz. Die Abklingzeiten einiger unserer 2-10-° molaren Lésungen sind 


bei Raumtemperatur gemessen worden [12] (in mysec): DNS in cycloHexan 1,67; 
Toluol 3,48; 0-Dichlorbenzol 3,54; Athylazetat 1.88; ANS in Benzol 3,06; AND 
in Chlorbenzol 2,48; DND in Dioxan 1,6. Bei den Umkehrtemperaturen konnten 


bisher noch keine Abklingzeiten gemessen werden. Es ist aber anzunehmen, dass 


[12] A. ScHMILLEN, unveréffentlicht. Vgl. [8]. 


1¢ 
S67 ; 


E. Lirrert, W. LUper und F. Mou 


die Temperaturabhingigkeit der Abklingzeiten gering und sehr viel kleiner ist als 
die der Relaxationszeiten. Fiir die Temperaturabhiangigkeit der Relaxationszeiten 
liegen nur wenige zum Vergleich geeignete Messungen vor, so dass die folgende 
Diskussion auf qualitative Vergleiche und auf die Abschitzung von Gréssenord- 
nungen beschriinkt bleiben muss. 

In den Alkoholen bewirken die Wasserstoffbriicken durch unterschiedliche 
Assoziationsformen eine gréssere Anzahl von Relaxationszeiten, von denen die 
ersten bei héheren Werten liegen als in nicht-assozierenden Fliissigkeiten [13-15]. 
In den Alkoholen sind daher besonders hohe Umkehrtemperaturen und relativ 
flache Minima zu erwarten. Beides wird beobachtet. 


In isoButanol liegt die erste Relaxationszeit mit 2.4 my see bei 272,5°K [13]. 


Diese Temperatur entspricht etwa der Umkehrtemperatur, und die Relaxations- 
zeit diirfte mit der Abklingzeit gut iibereinstimmen. Etwa die gleiche Relaxations- 
zeit ist in Mischungen aus Methanol/1-Propanol fiir 100°,, 80°,, 70% und 0% 
Methanol bei 183°K, 196°K, 200°K bzw. 240°K gemessen worden [14], in Uberein- 
stimmung mit den Grenzen 7’, 210°K fiir unsere Mischung aus 70°, Methanol 
und 30°, Athanol sowie von 7, > 240°K in 1-Propanol. 

In den Lésungsmittelmischungen mit polaren, aber nicht assozierenden Kom- 
ponenten liegen die Umkehrtemperaturen zwischen 150 und 185°K (Tab. 2). In 
diesem Bereich diirften die ersten Relaxationszeiten von der zu erwartenden 
Gréssenordnung von mysec sein. Das lisst sich aus den Relaxationszeiten 6 bei 
Raumtemperatur (Tab. 3) und aus der Temperaturabhangigkeit der Viskositat 7 
schliessen [18, 19], da der Ausdruck 67/y weitgehend temperaturunabhingig ist. 

Zusammenfassend ist festzustellen, dass die Temperaturabhingigkeit der 
spektralen Lage der langwelligen Absorptionsbande und der Fluoreszenzbande 
der untersuchten Systeme in schematischer Weise nach Abb. 6 dargestellt und 
durch das Zusammenwirken von Polarisations- und Relaxations-Effekten erklirt 
werden kann. Die in bestimmten Bereichen beobachtete Parallelitat der Kurven 
,(T) und #,(7T) ist nur eine zufallige. 

Zur weiteren Priifung dieser Deutung sind wir bestrebt, Systeme aufzufinden, 
in denen die Schwingungsstruktur so ausgeprigt und die Fluoreszenz so intensiv 
ist, dass die 0—0 Ubergiinge tiber den ganzen Bereich der anomal grossen STOKEs- 
SCHEN Rotverschiebung gemessen werden kénnen. 

Bei einer genaueren Priifung der Ubereinstimmung der Relaxations- und 
Abklingzeiten muss beriicksichtigt werden, dass die Relaxationszeiten in den 
Dipolschwarmen, die die starken Dipole von etwa 30 Debye-Einheiten umgeben, 
kaum mit den in quasi-homogenen Feldern gemessenen makroskopischen 
Relaxationszeiten tibereinstimmen diirften. In den Messlésungen sind auch nicht 
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Polarisations- und Relaxations-Effekte in der Temperaturabhangigkeit in polaren Lésungsmitteln 


Abb. 6. Temperaturabhangigkeit der Wellenzahl des langwelligen Absorptions- und des 
Fluoreszenz-Maximums (V-N Ubergange) ungesattigter polarer (meropolarer) Verbin- 


dungen (Fall in polaren Lésungsmitteln. 7, Die Zahigkeit 1, 
und die Relaxationszeit 6 wachsen mit abnehmender Temperatur. Daher ist die Tempera 
tur von rechts nach links aufgetragen. sei sehr hohen Temperaturen behindert die 


Warmebewegung die Orientierung der L6sungsmittelmolekiile. 


die Relaxationszeiten von reinen Fliissigkeiten, sondern von Mischungen wirksam, 


die sich wegen der Ausbildung der Dipolschwiirme (der polaren Komponente um 


die gelésten Molekiile) noch teilweise entmischt haben, so dass die Zusammenset- 
zung der Messlésung riumlich nicht konstant ist.—Bei einer genaueren Unter- 
suchung wiire auch zu beriicksichtigen, dass vor allem in assozierenden Fliissig- 
keiten verschiedenartige Relaxationsprozesse existieren, die von unterschiedlichem 
Einfluss auf die Orientierungspolarisation sind. 

Anerkennung—-Herrn Prof. Dr. Th. FOrstrer danken wir fiir wertvolle Diskussionen und der 


Deutschen Forschungsgemeinschaft ebenso wie dem Verband der Chemischen Industrie fiir 
grosszigige Beihilfen. 
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Abstract. The infra-red spectra of eight 4-hydroxycoumarins, in dioxan solution and in the 


solid state, indicate that they have coumarin and not the tautomeric chromone structures. 
Vibrations involving the hydroxy! groups of three crystalline 4 hydroxycoumarins are identified 
by deuteration. Except when substituted in position 3, the spectra of the solids resemble 
carboxylic acids, with near 3000 dOH near 1310 em-!. 800-880 
one or more bands) 1360-1460 em~-!. and wx O near 1700 em~!. Combinations of OOH and 
vC-—O give pronounced bands between 2570 and 2800 e¢m~-! by Fermi resonance with rOH. 
In solid 3-alkyl-4-hydroxycoumarins v4 0 is near 1670 ¢em~', and weaker hydrogen bonding 
shifts rOH to higher fre quencies, and OH and ~OH to lower frequencies. In 4:6-dihvdroxy- 
uumarin hydrate, rf © falls to 1630 


+-HYDROXYCOUMARINS contain a conjugated hydroxycarbonyl structure which 
makes them moderately strong acids. It has been suggested that structures of 
this type may occur in humic acids from peat and soil organic matter, and so 
contribute to their base exchange capacity. Further, it has been postulated that 
hvdroxyearbony! structures may account for features of the strong infra-red 
absorption band near 1600 em~! shown by all humified material so far examined. 
The present investigation has been undertaken to search for distinctive features 
in the infrared absorption of this type of structure. 4-Hydroxycoumarins are 
also of interest in that many of them prevent the coagulation of blood, dicoumarol 
being responsible for a haemorrhagic disease of cattle. 

Strong, broad hydroxy! absorption with a principal maximum near 3000 em~ 
and subsidiary maxima down to 2500 cm~' is generally considered strong evidence 
for dimeric carboxylic acids [1], when found in conjunction with carbonyl 
absorption near 1700 cm-!. However, published spectra [2] show that solid 
t-hyvdroxyeoumarins give absorption of this type except where steric factors 
operate, or intramolecular hydrogen bonding occurs. Of related compounds 
which have been studied, tetronic acids [3] appear to give a similar pattern of 
absorption, but 6-phenyl-4-hydroxy-5:6-dihydro-z-pyrone [4], and the enolic 
cyclic p-diketones, 5:5-dimethyl-1:3-cyclohexanedione [5] and 1:3-cyclopentanedione 
6). are distinguished by much lower carbonyl frequencies (near 1600 em!) and 
also by their hydroxy] absorption, whose principal maxima are near 2500 em—", 

L. J. Bettamy, The Infrared Spectra of Complex Molecules (2nd Ed.) p. 164. Methuen, London (1958) 


Sadtler Standard Spectra, Nos. 2127 to 2142 incl. 2559 to 2569 incl. 9896 to 9905 incl, 5279, 5927, 
SOS], GVIOS, 9914, 10983, 11340 and 11823. Sadtler Research Laboratories, Philadelphia, U.S.A 
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E. B. Rerp and W. R. Rusy, J. Am. Chem Soc. 78, 1054 (1951) 
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J. H. Boorne, R. G. Witkrxson, 8. and J. H. J. Am. Chem. Sox 75, 1732 
1853 


S70 


4 
ge 
q 
3 
bee: 


Spectra and structure of 4-hydroxycoumarins 


In this paper it is shown that OH out of plane deformation and (C—O stretching 
frequencies of crystalline 4-hydroxycoumarins differ significantly from those of 


most carboxylic acids. In addition, arguments from infrared spectra for the 


existence of some 4-hydroxycoumarins in the tautomeric 2-hydroxychromone 


form |7, 8, 9] are re-examined. 


Structure 
ARNbT and co-workers| 10] have discussed theoretically the possible tautomerism 
of 4-hydroxycoumarin (1) into 2-hydroxychromone (IIT) and the ketolactone (IT), 


and have concluded that the coumarin structure is favoured. This was supported 


by methylating with diazomethane, giving a mixture in which 4-methoxycoumarin 


predominated over 2-methoxychromone. 


0) OH 
() 


OH 


Again, the ultra-violet absorption spectrum of 4-hydroxycoumarin in ethanol 
has been found to be close to that of 4-methoxycoumarin. These spectra resemble 


that of coumarin, but differ from that of chromone [11]. The divergence which 


TuHompson and co-workers [12] found between the ultra-violet spectra of 4:6- 


dihydroxyvcoumarin and 4:6-dimethoxycoumarin was later shown to be due to 


traces of base in the ethanol used, which caused ionization of the 4-hydroxycou 


marins examined [13]. Our own measurements show that 4:6-dihydroxy- and 


4:6-dimethoxycoumarin have closely similar spectra (Fig. 1), and so establish a 


coumarin structure for the dihydroxy derivative. 


However, some 4-hydroxycoumarins have been assigned chromone structures, 


on evidence from their infra-red spectra. KNopiocn and ProcnazKa [7] have 


shown that structures (1) and (III) have very different carbonyl frequencies, 
1 


4-methoxycoumarin absorbing at 1712 em and 2-methoxychromone near 


1645 em~' in ethylene chloride solution. In carbon tetrachloride the corresponding 


frequencies [14] are 1730 and 1653 em~!. On this basis they deduced a coumarin 


structure for 4-hydroxycoumarin 1708 solid), but a chromone 


structure for dicoumarol (vC—O 1650 em, solid). Our examination of a series 


of 4-hydroxycoumarins in dioxan solution shows that in every case the coumarin 


structure predominates, giving strong carbonyl absorption above 1700 cm 


(Table 1). The presence of significant amounts of the chromone tautomer seems 


E. KNosiocnu and Z. ProcuAzKa, Chem. listy 47, 1285 (1953). 

R. A. Apramoviren and J. R. Gear, Can. J. Chem 36, 1501 (1958) 

9| C. F. Spenser, J. O. Ropry, E. Wavror, F. W. Hotrty and K. Foikers, J. Am. Chem. Soc. 80, 
140 (1958 

10) F. Arnot, L. Loewe, R. Un and E. Ayca, Chem. Ber. 84, 319 (1951) 

11) E. B. KakAc and MAcua, Chem. listy 46, 416 (1952) 

12) J. F. Garpewr, N. F. Hayes and R. H. Tuompson, J. Chem. Soc. 3315 (1956), 

13) V.C. Farmer and R. H. Tuompson, Chem. & Ind. (London) 112 (1957 

14) I. Cumrecewska and J. CresiaKk, Tetrahedron 4, 135 (1958) 
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wilikely, as none of the compounds absorb between 1638 and 1680 em-'. Except 
where there is a 3-alkyl substituent, the solvent-bonded enolic hydroxy! group 
of the 4-hydroxycoumarins gives a broad band near 3100 em- in dioxan, similar 
to that of carboxylic acids in this solvent. The shift to 3290 em-' found for 
compounds with 3-alkyl substituents must be ascribed to a steric effect of the 
substituent preventing strong hydrogen bonds to the solvent. An alternative 


Fig. 1. Ultra-violet absorption spectra of 4:6-dimethoxycoumarin (a) in ethanol. and of 
4:6-dihvdroxyvcourmarin (b) in acidified ethanol (1 drop 6 N HCl in 10 ml ethanol) 


explanation that these compounds are weaker acids is excluded by our observation 
that the pA values of 4-hydroxy-7-methoxycoumarin, 4-hydroxy-7-methoxy-3 
methylcoumarin, and 3-ethyl-4-hydroxy-7-methoxycoumarin are 4°33, 4-28 and 
1-33 respectively. 

In the solid state, all the compounds examined except 4:6-dihydroxycoumarin 
hydrate give strong carbonyl absorption above 1665 em~ (Table 1), and as this 
is above the region where chromones would absorb, especially if hydrogen-bonded, 
the coumarin structure must persist in the solid state. This same consideration 
argues against the suggested assignments of chromone structures to 4:7 dihydroxy- 
5] (pC=O, 1678 em~) on the basis of their carbonyl frequencies. Even the low 
carbonyl frequencies of dicoumarol (3:3’ methylene-bis(4-hydroxycoumarin)) 
and its derivatives, falling between 1650 and 1665 em~ [7, 8}, are unlikely to be 
due to chromone structures. Their hydroxyl absorption [7] shows that there is 
strong hydrogen bonding between the two halves of these molecules, and this 


would be expected to lower the frequency of a chromone carbonyl group to well 
below 1650 em~!, perhaps down to 1612 cm~" as in solid enolic 5:5 dimethyl-1:3 
cyclohexanedione [5). 
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Spectra and structure of 4-hydroxycoumarins 


An alternative explanation of their low carbonyl frequencies follows from the 
observation that the introduction of a 3-alkyl substituent lowers the carbony! 
frequency of coumarins by 15 em~! in dioxan solution, and by about 30 em in 
the solid state (Table 1 and ref. {2]). These shifts may perhaps be ascribed to an 
increase in the contribution of the aromatic structure (LV) which leads to a more 
polar carbonyl group with greater single-bond character and hence lower frequency. 


Crystalline Dioxan solutior 


umarin 


4-Hydroxy 3000, 2720, 2580 1703 3100 1730 2127 
4-Hydroxy-6-methy! 3000, 2774. 2721, 2660, 2580 1704 3100 1725 10.983 
4-Hydroxy-6-methoxy 2950, 2690, 2653, 2570 1692 3100 1722 11.340 
4-Hydroxy-7-methox, 3000, 2710, 2590 1700 3100 1728 5927 
hos 3180, 1668 3290 1706 = 
t-Ethvl-4-hydroxy-7-methox 3180 1667 3290 i711 9681 
4-Hydroxy-7-methoxy-3-methy! 3150 1674 3290 1709 5279 
4:6-Dihvdroxy $290, 3000, 2020, 2850, 2730 1676 3320, 3100 1720 
4:6-Dimethoxy 1711 723 874 
4-Hydroxy, hydrate 3380, 3000, 2720, 2580 1664 

4:6-Dihydroxy, hydrate $410, 3155, 2890, 2740, 2650, 2570 1630 9198 


* Prine ipal bands in heavy tyy* 


+ Crystalline spectra 2-15 4 agreeing closely with our own recordings, but the spectrum given for 4:6-hydrox; 


coumarin is that of the hydrate [2 


This structure is opposed by the inductive effect of the electronegative ring oxygen, 
and by the alternative mesomeric form (V) in which electrons are transferred from 


OH OH 
1V \ 


It follows that the aromatic 
structure (IV) will be stabilized by any mechanism which transfers electrons to 
the lactone ring. 3-Alkyl substituents can do this by hyperconjugation with the 
ring, and the polar structure is further stabilized by hydrogen bonding to the 
lactone carbony] in the solid state. 


the ring oxygen to carbon 6 on the benzene ring. 


The low carbonyl frequency of solid 3-alkyl-4-hydroxycoumarins, neat 
1670 em, is remarkable in that their hydroxy! absorption (see below) indicates 
weaker hydrogen bonding than for other 4-hydroxycoumarins. Dicoumarol and 
its derivatives, however, form strong hydrogen bonds in the solid state, and this 
together with the effect of hyperconjugation of the 3-methylene group seems 
sufficient to lower the carbony! frequencies of a coumarin structure to the values 
found. 

The low carbonyl frequencies of 4:6-dihydroxycoumarin (1676 cm~', Table 1) 
and 4:7-dihydroxycoumarin (1667 em~') [9] in the solid are probably due to 
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Table 1. Frequencies (em~!) of O—H and C--O stretching vibrations 
— — 
Spectra (2 
po 
15 
R R 


V.C. 


erystal structures in which both hydroxyl groups are hydrogen bonded to the 


carbonyl! group. Even in 4:6-dihvdroxycoumarin hydrate, in which the carbonyl] 
absorption is a very strong band at 1630 ecm~', it is unlikely that a different 
structure is involved, as most of the sharp bands arising from C—H and skeletal 
(—C and C—O vibrations are little different in the spectra of the hydrated and 
the anhydrous forms. There is evidence from the hydroxyl absorption for 


exceptionally strong hydrogen bonding in the hydrate (see below), and this may 
account for the very low carbonyl frequency. However, a chromone structure 
cannot be excluded here 

With 4-hydroxyeoumarin itself, the carbonyl absorption falls from 1703 em~! 
in the anhydrous form to 1664 ¢m~' in the hydrate, where it is an exceptionally 
broad and relatively weak band. The spectra are otherwise very similar, leaving 
no doubt that the coumarin structure persists in the hydrate 

The complex O—H stretching absorption band of 4:6-dihydroxycoumarin 
hydrate indicates exceptionally strong hydrogen bonding of its acidic hydroxyl 
group, which gives a broad band centred on 2650 cm~', on which many submaxima 
are superimposed (Table 1). The band is similar to that of 5:5-dimethyl-1:3 
cyclohexanedione [5]. Water of hydration and the phenolic hydroxyl group give 
sharper bands at 3410 and 3150em~'. Other 4-hydroxyeoumarins examined have 
a broad band centred near 3000 em~! with one or more subsidiary bands at lower 
frequencies (e.g. Fig. 2(a), 3(a)) except where the steric effect of a 3-substituent 
prevents strong hydrogen bonding: the hydroxyl absorption then shifts to higher 
frequencies to give a more symmetrical band (e.g. Fig. 4(a)) similar to that of 
phenols. The high frequency shift is greater with 3-ethyl than with 3-methyl 
substitution (Table 1). With a 3-acyl-substituent, internal hydrogen bonding is 
possible between its carbonyl and the 4-hydroxyl group. Such compounds have 
very weak hydroxy! absorption, and their lactone carbonyl, freed from hydrogen 
bonding, absorbs near 1725 cm~' in the solid state [2]. 

Steric considerations prevent dimer formation in 4-hydroxycoumarins, as has 
been pointed out for the analogous 5:5-dimethyl-1:3-cyclohexanedione [5], so 
such molecules must associate in chains or rings of more than two members. 
Under such conditions electron migration from the hydroxyl to the carbonyl 
group through the conjugated chain can explain the very strong hydrogen bonds 
in 4-hydroxycoumarins, the mechanism being analogous to that accepted for 
carboxylic acid dimers [15]. The analogy has been further explored by searching 
for C—O stretching and O—H deformation frequencies, by substituting deuterium 
for the acidic hydrogen, as has been done for carboxylic acids [16, 17). 


C—O stretching and O—-H deformation frequencies 


Partial substitution of deuterium for the acidie hydrogen by recrystallizing 
from dioxan—D,O or ether-D,O mixtures led to far-reaching changes in the 
spectra of 4-hydroxycoumarin and 4-hydroxy-6-methoxycoumarin, so great as 


15) L. Pavuine, The Nature the ermice ond p. 308. Oxford University Press, London (1940 
16) D. Hanzi and N. Swerrarp. Pro ¢ oc. A 216, 247 (1953). 
17! S. Bravroz, D. Hanzi and N. Suerrarp Spectrochim. Acta 8, 249 (1956) 
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Spectra and structure of 4-hydroxvcoumarins 


to obscure the identification of vibrations involving the hydroxyl group. This 
effect appears to be due to strong interaction between vibrations of adjacent 
molecules in the pure crystal, which is inhibited by random substitution of 
deuterium for hydrogen. Fortunately, only a small proportion of deuterium was 
sufficient to inhibit the interaction effects (Fig. 2(a), (b) and Fig. 3(a), (b)) so that 
the required information was obtained by comparing spectra of preparations 
containing large and small amounts of deuterium.* 


lable 2. Frequencies (cm~') of vibrations affected by deuterating 4-hvdroxyvcoumarins 


t-hyvdroxy -6 3-ethyl-4-hydroxy 
t-hvdroxveoumarin 
Assignments methoxycoumarin 6-methoxycoumarin 


OH Op 
OH Op OH Op 


rOH: rOD 
Cat | 1560 1546 


| 1461 1450 
1453 140s 


i 1228 
1315 1195 (? 
( (1104) 1114 G96 


L076 (968) 957* 

(951) O60 R84 
yOH:; yOD 625 397 600 
746 


* Very weak 


The results for 4-hydroxy-6-methoxycoumarin are obtained by comparing 
Fig. 2(b) and 2(c): bands undergoing displacements by more than 10 cm! are 
recorded in Table 2. Although it is to be expected that the labile hvdrogen on 
carbon 3 would also be replaced by deuterium, no spectral changes due to this 
could be identified. The OH in-plane deformation frequency (SOH) is identified 
with a strong band of the hydroxy form at 1308 em~!, displaced on deuteration 
to give dOD at 1067 em-! (AOH/AOD 1-225). Interaction between SOD and 
adjacent vibrations causes a band of the hydroxy form at 1106 em~ to be greatly 
enhanced and shifted to 1112 em~! on deuteration, whilst a sharp band at 958 em=! 
broadens and shifts to 964cem-'. All three bands must involve motion of the 
deuterium atom. The OH out-of-plane deformation (yOH) is a typically broad 
band at 880 cm~", as is the yOD vibration at 640 em~ (ratio 1-375). The C—O 
stretching vibration (yvC—O) is assigned on the assumption that this vibration 
will couple most strongly with the 60H vibration, and so show the next greatest 


* X-ray examination has now shown that the crystal structure of the pure 4 
coumarin is the same as that of the deuterated specimens, but that the e1 tal 
4-hvdroxycoumarin differs from that of the deuterated specimens. I am indebted to Mr 
for this information 
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Fig. 2. Infra-red spectra of 4-hydroxy-6-methoxycoumarin, 


a) pure crystals, 
b) and (c) deuterated specimens 


displacement on deuteration. This criterion, which is far from conclusive, indicates 
a group of four weak bands around 1400 em~! which are displaced and strengthened 
on deuteration. The ratio of the products of their frequencies before and after 
deuteration is 1-03. Support for this assignment is that combinations arising 
between these bands and the 6OH vibration are found to be pronounced features 
of the subsidiary bands of the OH stretching vibration (Table 3); in this they 
resemble the rC—O vibrations of carboxylic acids [17]. The splitting of the yC—O 
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Spectra and structure of 4-hvdroxycoumarins 


Fig. 3. Infra-red spectra of 4-hydroxycoumarin, (a) pure 
(b) and (c) deuterated specimens 


cTryvstais 


vibration presumably arises by interaction with adjacent in plane skeletal 
vibrations. Coupling of C-—-O—H vibrations with C—C—C vibrations of the 
lactone ring also accounts for small shifts of bands near 1507 and 1580 em-'. 

In 4-hydroxycoumarin itself (Fig. 3, Table 2), the |OH and 40D frequencies 
are slightly higher and yOH and yOD frequencies are slightly lower than in the 


6-methoxy derivative, and similar interactions between SOD and adjacent 
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vibrations occur. A strong yC—O band appears at 1480 cm~! in the deuterated 
specimen, but the corresponding band of the hydroxy form is not easily found. 
It is ascribed to a member of a close pair at 1460 and 1453 cm~' which are not 
resolved in the spectrum shown. Only a band at 1453 em! persists after deutera- 
tion. This assignment is again supported by observed combination frequencies 
(Table 3). As in the 6-methoxy derivative, ring vibrations at 1510 and 1560 em7! 


are slightly displaced. 


Table 3. Subsidiary maxima (em~') of VOH and vOD absorption bands 


$-Huydroa ycoumarin Deuteroa yooumarin 


Found Assigned Found Assigned 


25380 m 2 1315 2630 1920 m 2 960 1920 
2715 m 1315 1453 2768 1986 w 960 1040 2000 
2740 m 1315 1461 2776 2020 m 960 L076 2036 
2933 w ? 2140 w 2 x 1076 = 2152 


1-H Deuteroxy-6-methoxycoumarin 


Assigned 


Found 


Assigned 


Found 


2570 m 2 1308 2616 1929 m 2 964 1928 
308 1361 2669 2018 m 964 1067 2031 
1412 2720 2064 w 964 1112 2076 
308 1441 2749 2130 m 2 1067 2134 
1453 2761 


2650 m 


2690 m 


2730 w 


In the spectra of 4-hydroxy-6-methyleoumarin and 4-hydroxy-7-methoxy- 
coumarin, which were not deuterated, the yOH vibration was easily distinguished 
by its breadth near 830 cm~!, and strong candidates for the 60H vibration lay 


near 1300cem~'. 4:6-Dihydroxycoumarin was again anomalous, as the yOH 
frequency of the anhydrous crystal was low at 800 cm~', but that of the hydrate 
was at 950 cm, indicating much stronger hydrogen bonding than in the other 
4-hydroxycoumarins. Apparently, the water of hydration acts as a bridge between 
one of the hydroxyl groups and the carbonyl group, so permitting a crystal 
structure with stronger bonding than in the anhydrous form. The yOH vibration 
of the hydrate also gives a pronounced overtone at 1900 cm-'; we have found a 


similar feature in the spectrum of solid 5:5-dimethyl-1:3-cyclohexanedione. 
4-Hydroxycoumarins with 3-alkyl substituents form weaker hydrogen bonds, 
and their spectra suggested that the OH deformation vibrations were displaced to 
lower frequencies. This was confirmed by deuteration of 3-ethyl-4-hydroxy-6 
methoxycoumarin as shown in Fig. 4, and the assignments are indicated there 
and in Table 2. Because of the weaker hydrogen bonding, the d0H vibration at 
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1228 em- is lower than in 4-hydroxycoumarin by about 80 cm~' and the yOH 
vibration at 697 em~ is lower by over 100 cm-!. The 60H vibration interacts 
with an adjacent band at 1195 em 1 which is presumed to weaken on deuteration. 
One of the two 60D bands at 996 and 884 em~! must correspond to a modified 
vibration of the hydroxy form, but it is not certain which, as both are close to 
bands which disappear on deuteration. The interpretation shown in Table 1 gives 


Fig. 4. Infra-red spectra of 3-ethyl-4-hydroxy-6 methoxycoumarin, (a) pure crystals, 
(b) deuterated specimen 


a frequency ratio for OOH/OOD of 1-23, close to that found for the other two 
4-hydroxycoumarins. The »C—O vibration is indicated only by a change in 
intensity of the band chosen: the considerable separation of the C—O and OH 
vibrations has reduced coupling between them. 

Finally, the frequencies of subsidiary maxima found on the broad O—H and 
O—D stretching absorptions have been measured for 4-hydroxycoumarin, 4- 


hydroxy-6-methoxycoumarin and their deuterated analogues. As has been shown 
for carboxylic acid dimers [17], combinations of the OH vibration with itself and 
with the C—O vibration account for the principal submaxima of the vO—H band, 
and combinations of 60D and the two other vibrations with which it interacts 
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account for the submaxima of the vOD vibration (Table 3). Although there is 
some uncertainty in the calibration of the spectrometer in the 2000 to 3000 em" 
region, the differences between the observed and calculated frequencies are 
similar to those found with carboxylic acids, and are probably largely due to 
anharmonicity effects [17]. Using these results as a guide, it can be concluded 
from the combination frequencies given by the 6-methyl and 7-methoxy derivatives 
(Table 1) that their /OH vibrations also must be near 1310 em~', and that whereas 
the 7-methoxy derivative has probably only one band near 1450 em~! with C—O 
character, the 6-methyl derivative has at least three. 

The exceptional strength of the combination bands probably arises by Fermi 
resonance with the ryOH vibration [17]. In the classical picture [18], such resonance 
is due to the lateral motion of the hydrogen or deuterium relative to the carbonyl 
group to which it is hydrogen-bonded. This motion, at frequency v, causes a 
fluctuation in the hydrogen-bond strength at frequency 2 v, which, in turn, induces 
the stretching vibration of the O—H or O—D bond. As it is combinations 
involving the 1300 em-! band of the hydroxy forms and combinations involving 
the 960 cm! band of the deuteroxy forms which absorb most strongly, this 


implies that these fundamentals involve the greatest movement of the hydrogen 


or deuterium relative to the carbonyl! group to which it is hydrogen-bonded. 


Discussion 

Comparison of the results obtained for carboxylic acid dimers [16] with those 
for 4-hydroxycoumarins is best made on the deuterated specimens, as there is 
little interaction between the 60D and »C—O vibrations. We then find that the 
SOD vibrations of the coumarins (1067, 1076 em~') fall just above the range given 
for carboxylic acids (1050 + 10 em~) and the »C—O frequency, in the clear-cut 
ease of 4-deuteroxycoumarin itself (1410 c¢m~!) is higher than that found for 
carboxylic acids (1350 + 50cm), indicating a greater double-bond character 
of the C—O bond in 4-hydroxycoumarin. In the undeuterated 4-hydroxycou 
marins. the 0H vibration (1308, 1315 em~') lies just inside the range (1300 
i5em~) of the corresponding band of carboxylic acids. The rC—O band of 
t-hvdroxycoumarin at 1461 cm~! is above the range quoted for carboxylic acids 
(1420 + 20 em~*), but the more complex absorption of the 6-methoxy derivative 
overlaps this range. The yOH vibration, which generally lies near 930 em" in 
carboxylic acids, but is between 800 and 880 cm in the hydroxycoumarins, 
provides the most clear-cut distinction between these two groups of compound, 
and should generally be identifiable by its breadth. 

Hapzi and Suerparp [16] hesitated to conclude which of the bands near 1400 
and 1300 cm! in carboxylic acid dimers could best be regarded as the dOH 
vibration. The distinction is clearer for 4-hydroxycoumarins, as the sharp multiple 
character of the higher-frequency absorption bands of 4-hydroxy-6-methoxy 
coumarin shows that they must be correlated with the similar vC—O vibrations 
of the deuterated form, and not with the low-frequency dOD vibration, as has 
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been suggested for monomeric carboxylic acids [19]. Again the marked drop in 
frequency of the 6OH vibration consequent upon the weaker hydrogen-bonding 
in 3-ethyl-4-hydroxy-6-methoxycoumarin is strong evidence for the assignments 
made. The frequency ratio of the higher frequency bands before and after 
deuteration is lower for the 4-hydroxycoumarins (1-028 and 1-038) than for most 
carboxylic dimers, which give ratios within the range 1-055 — 0-020, with a few 
higher. This suggests that the 1400 em~! band of 4-hydroxycoumarins involves 
less motion of the hydrogen atoms than does the corresponding band of the acids. 
On the other hand, the frequency ratios of the lower frequency bands of the 
4-hydroxycoumarins (1-222 and 1-226) are within the range found for carboxylic 
acid dimers (1-20-1-25 excluding oxalic acid). By analogy, these results suggest 
that for most carboxylic acids, the 1300 em~! vibration involves greater motion of 
the hydrogen atom than does the 1400 em~' vibration. 

The strength of hydrogen bonding in solid 3-ethyl-4-hydroxy-6-methoxy 
coumarin appears to be similar to that in phenols examined by Mecker and 
tossMyY [20]. In solid phenol, 0H and d6O0D vibrations are at 1220 and 980 em, 
close to those of the coumarin at 1228 and 996 em-!. Bands at 1370 and 1389 em~! 
of solid phenol are affected by deuteration and clearly correspond to the 1400 em~ 
band of the coumarin. This we have ascribed to a vC—O vibration which often 
interacts with skeletal vibratiovs. Mrckr and Rossmy [20], however, were 
confident that the vC—O band of phenol lay at 1250 em~-', and so ascribed the 
bands near 1400 cm~! in phenol to benzene ring vibrations which interact with 
the 6OH vibration. This difference emphasizes the uncertainties in identifying 
the vC—O vibration from the effects of deuteration. 


Experimental 


Infra-red spectra were measured to -+-0-01 ~ on a Grubb—Parsons Double 


Beam Infrared Spectrometer, type 84, equipped with sodium chloride prism. 


Spectra of the solids were obtained from pressed KI disks, as the acidie 4-hydroxy 

coumarins showed adsorption effects in KBr disks, similar in some respects to 
those found with carboxylic acids [21]. Solutions in dioxan (about 2 per cent) 
were measured in 0-1 mm cells. 

pK values of 4-hydroxycoumarins were calculated from the degree of 
ionization in phosphate buffer (pH 4-43) estimated by ultra-violet absorption 
measurements. Spectra of the completely ionized and un-ionized acids were 
obtained in 0-05 N aqueous NaOH and H,SO,, respectively. 

The preparation and properties of most of the 4-hydroxycoumarins examined 
have been described by THompson and co-workers [12]. 4-Hydroxycoumarin 
hydrate separated from aqueous dioxan. 4:6-Dihydroxycoumarin monohydrate 
crystallized from aqueous acetic acid (found: C, 548; H, 4-1. C,H,O,-H,O 
requires C, 55-1; H, 41 per cent). Drying at 150° gave an amorphous anhydrous 


119) D. Hapzr and M. Prxrar, Spectrochim. Acta 12, 162 (1958). 
R. Mex ht and G. Rossmy. Z. Elektrochem 59, SS6 (1955) 
[21] V. C. Farmer, Spectrochim. Acta 8, 374 (1957). 
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form. The weight loss was 9 per cent; 1 H,O requires 9-2 per cent. The infra-red 


measurements were made on anhydrous crystals which separated on evaporating 


a solution in dry dioxan 


i nts am indebted to Dr. R. H. Taompson, Chemistry Department, University 


lope 


ympounds examined, and for preparing the deuterated specimens. 
V. McPuerson 


f Aberdeen, for providing the 
Most of the infra-red me asurements were made by Mrs 
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RESEARCH NOTE 


Resonance radiation from a hollow-cathode 
(Received 2 June 1059 


IN OPERATING a hollow-cathode tube of the type shown in Fig. 1 an appreciable amount of 

the metal sputtered from the cathode is in the form of an atomic vapour which finally 

condenses on the walls of the tube. Thus there is an appreciable concentration of metal 
Spec trum emitted by 


athode pilus atom« 
resononce radotion 


Atornc 
resononce 
racation 


atic diagram illustrating the manner in which : 


atomic resonance radiation 


atoms in the region between the electrodes and also extending several millimetres beyond 


the anode. That this is so can easily be confirmed by absorption measurements 

Since this atomic vapour is at low temperature and pressure, the conditions are those 
required for the re-emission of any absorbed radiation. Consequently spectrum 
emitted from points within the hollow-cathode, the resonance lines will be absorbed by the 
unexcited metal vapour above the cathode and will then be re-emitted over the entire solid 
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Research notes 


angle. Thus the radiation emitted in directions at right angles to the axis of the tube (see 
Fig. 1) should consist primarily of resonance radiation 

Our experiments with copper and chromium hollow-cathode tubes demonstrate this 
effect. Fig. 2 shows microphotometer tracings of (a) a spectrum of a copper tube viewed 
along the axis of the tube and (b) the spectrum emitted at right angles to the axis. The 
exposure times (//10 camera) were (a) 3 see and (b) 24 hr, respectively. Similarly, Fig. 3 


eter tracings o spectrum of radiation emitted along the axis of a 
ode tube and (b ectrum of radiation emitted perpendicular to axis 


ndicate resonance lines 


shows the corresponding spectra for chromium (f/5°7 camera) in which the exposure times 
were (a) 1 see and (b) 8 hr It will be seen that in both cases the spectrum emitted per- 
pendicular to the axis consists primarily of resonance radiations: for copper the two 
resonance lines are at 3247-5 A and 3247-0 A and for chromium the lines of the resonance 
triplet are at 4254-3 A, 4274-8 A and 4289-7 A. The lines marked A are from the argon 
used as the filler gas 

There are some interesting implications of these results so far as the method of chemical 
analysis by atomic absorption spectra [1,2] is concerned. Firstly, it will be apparent that 
in the type of sealed-off hollow-cathode tube used in these investigations the resonance 
lines can exhibit marked self-absorption and/or self-reversal due to the absorption by the 
metal atoms above the cathode and this broadening of the line could result in a loss of 
sensitivity. The effect is particularly marked with low boiling-point metals such as zine, 
lead, etc. The effect would be not nearly so marked in tubes connected to a closed cir- 
culating system |3| in which the flow of gas restricts the migration of metallic vapour 
away from the region of the cathode. These self-absorption effects have led us to consider 
the use of tubes in which the radiation is emitted through a slit in the wall of the cathode. 
This ensures that the emitted radiation can never have a long path through metal vapour. 
This design also has attractive possibilities in so far as arranging an array of such tubes on 


1] A. Spectrochim a 7, 108 (1955). 
2 und A. WALSH, Spectrochim. Acta 45, 270 (1957). 
i Spectroscopy. Methuen, London (1947). 
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the focal plane of a spectrograph is concerned, and also decreases the intensity of the rare 
gas spectrum relative to that of the metal spectrum. 

Secondly, these results show that the sputtering process is a very convenient and 
efficient method for producing an atomic vapour directly from a metallic sample and some 
preliminary experiments indicate that the use of a sputtering chamber as an absorption 
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Fig. 3. Microphotometer tracings of (a) spectrum of radiation emitted along the axis of a 
chromium hollow-cathode tube and (b) spectrum of radiation emitted perpendicular to 


axis. The lines marked A are due to the argon filler gas. The arrows indicate resonance 
lines, 


cell may prove valuable for the direct analysis of metals, particularly for analyses requiring 
very high sensitivity. 

Finally, the possibility suggests itself of using an atomic vapour produced in this 
manner as a means of isolating a signal due to resonance lines, in just the same way as in 
the well-known method of isolating the Hg 2537 A line by illuminating mercury vapour by 
the mercury spectrum, the re-emitted radiation then consisting primarily of the 2537 A 
resonance line. Such a method would provide a resolution of the order of 0.01 A and would 
he highly specific. The fact that the resonance radiation is weak is compensated to some 
extent by being able to avoid the limitation imposed by the usual slit and entrance pupil 
of a monochromator. We are at present exploring these possibilities. 

BARBARA J. RUSSELL 
Division of Chemical Physics, CSIRO A. WALSH 
Chemical Research Laboratories, Melbourne, 
Australia 
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REPORT OF MEETING 
The Tenth Annual Symposium on Spectroscopy 


THe Tenth Annual Symposium on Spectroscopy, sponsored by the American 
Association of Spectrographers, was held in Chicago from June 1 to 4. In addition 
to contributed papers presented at the meeting, seminars and “‘Problem Clinics” 
were also held. The topics discussed at this year’s seminars included the following: 


|. X-ray Spectroscopy by G. L. Clark (University of Llinois): 

2. Chemical Applications of Far Infrared Spectroscopy Beyond 50 ” by 
R. C. Lord (Massachusetts Institute of Technology): 
Analytical Applications of Far Infrared Spectra by F. F. Bentley (Wright 
Air Development Center); 
Flame Spectroscopy by K. W. Gardiner (Continental Can Company): 
Normal Coordinate Treatments of Phosphorus Halides and Phosphory] 
Halides by J. Ziomek (De Paul University); 
Application of New Theoretical Developments in Infrared Spectroscopy by 
W. F. Edgell (Purdue University); 
Emission Spectrometry—-The Sample, Its Vaporization, and the Resulting 
Radiation by J. K. Hurwitz (U.S. Steel). 


Problem clinics were held in X-ray fluorescence spectroscopy. quantitative 
infrared analy sis and optical emission spectroscopy. 
The titles and abstracts of contributed papers presented at the meeting were as 


tollow 


EMISSION SPECTROSCOPY 


Quantometry in 1959: Bb. R. Boyp and M. 8. Haster, Applied Research Laboratories 
With the introduction of reliable multiplier phototubes some twenty years ago the direct 
of spectrum line intensities was made possible and a new era in optical emission 
spectrochemi was born ARL began development work on direct reading instruments in 
1941 and produced the first commercial unit in 1946. Much progress has been made in this field 
then and the paper will present ARL’s approach to the general field of direct reading 
tation and to Quantometers sper ifically The design conce pts of the spectrometers, 
onsoles and computing devices will be discussed. The ever present demand by 


or expanding the scope of these instruments has been met in part by the recent 


introduction of the vacuum Quantometer. Recognition that the ‘direct reading laboratory 


means more than just a light measuring device demands that a comprehensive role be plaved by 


the manufacturer in furnishing a complete analytical tool and not just an instrument 


Direct-reading systems of the Jarrell-Ash Company and their applications: RK. W. Tapecixc and 

R. R. Jarrell-Ash Company. 

Information regarding the variety of direct-reading apparatus manufactured by the Jarrell- 
Ash Company will be given. Our standard clock readout measuring system will be briefly out- 
lined and a description of a new lower cost sequential measuring system will be given. Various 
data recording and presentation systems that are available will be described. Performance data 


for a variety of metallic and solution samples will be discussed. 
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Modern direct reading spectrochemical apparatus: L. O. Eikrem, Baird-Atomie. 


A survey paper embracing Baird-Atomic direct reading equipment for both research and 


control. Particular attention will be given to the newly developed Baird-Atomic Research 


Direct Reading Spectrograph. 


Analysis lines for the visual analysis of trace elements in steels: WW. Kanpisaver, Gebr. Boller 
and Co., and A. G. KAPFENBERG, Steiermark, Austria. (Read by T. H. Zrvx) 


The most sensitive spectral lines of Ca, Co, Cr, Mn, Mo, Nb, Ni, Sn, Ti, V, W and Zr, were 
selected. They were examined for interference by the lines of Fe and Cu as well as a large number 


of other elements. This examination was carried out according to the Atlases of Gatterer and 


Junkes as well as the M.I.T. wavelength tables and checked on the Fuess Metal Spectroscope. 


The selected lines are applicable to any spectroscope of equal dispersion, the data on sensi- 


tivity are applicable to the Fuess Metal Spectroscope with improved optics and the source unit 


supplied by that firm. A table of sensitivities, interference, etc., was established for each of the 


elements thus examined. 


The physical phenomena in electric sparks and arcs and in flames and their significance to the 
spectral emission from these light sources: JAN vAN CaLKer, Physics Institute of the 
University of Munster, Westfalia, Germany. (T. H. Zrn« translating) 


It is to be shown that the geometrical structure of a discharge may be derived from its 


sequence and the duration of the various cycles. Schlierenoptical observations indicate the 


broadening of the gases from the center of the discharge. 


Two phenomena may be observed: The broadening of a thermal pressure wave which has 


speeds of from 3 to 30 m/sec dependent upon the discharge-parameters; secondly, there is a 


shock wave which has in its center an over-critical speed of approximately 1200 m/sec but which 


gradually slows down to the speed of sound as it is removed from the center. The appearance of 


turbulent gas movements may be clearly observed and may be differentiated from the sharply 


defined areas of gas flow in the direct vicinity of the discharges. 


The dynamic characteristics of high frequence spark discharges prove these to be high 


frequency a.c. ares. 


Condensed low-tension discharges prove to be more or less strongly damped a.c. ares, de- 


pending upon the parameters in the discharge circuit. They are particularly valuable for 


spectrochemical use, since the alternating effects of the analysis-components, which often tend to 


interfere, may be suppressed. Condensed low-tension discharges of highest energy are valuable 


for the analysis of high-alloy steels, of which well exposed spectra may be obtained by means of 


a relatively few discharges. With such discharges, the surface of the sample is melted, vaporized 


and excited. At the same time, the molten material and oxides which remain on the electrode 


are blown away due to the very intense movement of gases. In this manner, a new electrode 


surface is available for the next discharge. 


Accuracy in spectrochemical analysis: A.J. Mirre.porr, Spex Industries, Inc., and Arno 


Arrak, Belmont Smelting and Refining Co. 


Accuracy is one of the broad areas of spectrochemical analysis where improvement by an 
order of magnitude would result in vast new fields of application. This paper discusses the 


subject under the topics of sampling, the source, electrodes, the spectrograph, photometry and 


calculations. New techniques for reducing variables will be discussed. These include optics for 


reducing the effects of are wandering; the Elpac for reproducible packing of powders into 


electrodes; devices for mechanically traversing a flat sample during sparking. 


Spectroscopy without spectrographs: Mark Frep, Argonne National Laboratory. 


This paper will be a review of some portions of contemporary work on fundamental research 


in spectroscopy. Mention will be made of typical conventional research, involving the measure- 


ment of wavelengths of spectrum lines with large spectrographs, the classification of the lines as 


transitions between energy levels, and the identification of the levels in terms of quantum 


numbers and electron configurations. The main emphasis, however, will deal with a new branch 
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of spectroscopy in which very high resolution is obtained without the use of any spectrograph at 
all by means of “optical pumping’. In this approach the sample of vapor is irradiated by a 
light source of the same element, so that the strong lines are absorbed or scattered and the 
sample thereby excited. By using polarizers and magnetic fields, and simultaneously irradiating 
the sample with microwaves having a frequency corresponding to the energy separation of two 


close magnetic or hyperfine structure sublevels, it is possible to produce abnormal populations 


of the various levels. This condition can be recognized by a change in the intensity of the 
transmitted or scattered light, and vields very accurate measurements of the level separations. 
rhis yield is a beautiful illustration of how much can be accomplished by the right combination 
of very simple principles and refined experimental technique. 


Steps in the manufacture of diffraction gratings: |. Leimnarpr, Diffraction Products, Inc. 

Techniques involved in the manufacture of gratings from the rough blank through the 
processes of polishing, aluminizing, ruling and testing. The various steps will be illustrated with 
slides showing pertinent features of each phase. 


The spectrographic analysis of tantalum metal powder by the carrier distillation method: 


D. ANDRYCHUK and J. MASSENGALE, Texas Instruments, Inc. 


A spectrographic technique for analysing impurities in tantalum metal powder using the 
15 Ad.c. are and 5 per cent germanium oxide for the distillation carrier. Germanium supplies 


suitable internal standard lines. The precision is better than when no distillation carrier is used 


and tantalum supplies the control lines. The detection limits are 5 p.p.m. for Mn, Fe, and Al; 
| p.p.m. for Cu and 10 p.p.m. for Sn. The probable error varies from 7-6 per cent for Fe, Cu and 
Al; 14 per cent for Sn and to 24 per cent for Mn. The method is being extended for other 
impurity elements. 


Spectrographic analysis of hafnium for Al, Cu, Fe, Ti, W, Zr by a point to plane technique: 


R.C. Braver. R. F.O'ConNNELL. A. 8S. 


An analytical method has been developed for the analysis of hafnium metal for aluminum. 


LLand R. H.Gate, Combustion Engineering, Inc 


copper, iron, titanium, tungsten, in the parts per million range, and zirconium in the 1-0 per cent 
to 3-0 per cent range. Solid machined pieces | in. by 1/2 in. or larger are used. Spectra are 


excited with a low voltage ignited a.c. are with low inductance and capacitance. Hafnium 


serves as the internal standard. The method offers an increase in speed and improved precision 


over the carrier distillation technique which has been commonly used. 


Application of flame spectra to the analysis of rare earths: V. A. Fasse., Kt. N. Kyisevey, 
R. N. Curry, R. E. Herper and C. G. TremMet, lowa State University 
Prominent features of the flame spectra of the rare earth elements in the optical and near 
infrared region will be discussed and some of their analytical applications will be presented. In 
xv-hyvdrogen or oxy-acetylene flames, many of the rare earths momentarily form diatomic 
xide molecules, whose emission spectra are readily observable. The emission spectra of LaQO, 


YO, SeO and LuQO, and the atomic lines of ytterbium offer the most promising analytical 


Rubidium-strontium spectrometric method for geologic age determination: Hans J. hichuorr, 
Anorganic Chemistry Institute, Johannes Gutenberg University, Mainz, Germany 
The geological age determination by the rubidium—strontium method is based upon the beta 
decay of Rb* to Sr*’, the determination of Rb and Sr and the isotopic composition of Sr. A fast 


and accurate analytical method is required in order to assure the widest application of this means 


of che termination 


A method is suggested which allows the spectrochemical determination of Rb and Sr with 
sufficient accuracy. The isotopic composition is analysed by means of a Fabry—Perot etalon 
and hollow cathode excitation, investigating the hyper-fine structure of the Sr line at 4078 A. 

The age values of lepidolites from South Africa and from Verutrask as well as that of a 
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microline from Verutrask have been determined and are discussed in connexion with deter- 


mination according to the potassium-—argon method, applied to the same materials. 


A preliminary report on the application of triggered discharges to spectrochemical analysis: * 
E. B. Owens,* F. Brecut and R. W. TABeLinc*t 


The paper will present a review of the mechanism of spectral excitation by spark discharges, 


discussing the relationship between the obse rved spectra and the charging voltage | i the 


peak discharge amperage Tok» and the frequency of discharge oscillations—f. New data will 


be given on the relationship of analytical precision and the control of V, which apparently 


contradict some of the currently popular theories on this subject. Also, new data will be given 


which suggest the limitations on the analytical advantages to be gained from the use of time 


resolved spectra excited by a Multisource type discharge. 


The spectrochemical analysis of high purity silicon carbide: E. 8. Hopce and W. K. Barr, 
Me llon Institute. 


High-purity silicon carbide possesses properties that make it very useful for semi-conductors. 


The presence of trace elements has an important effect upon the usefulness of the material for 


its intended purpose. An analysis procedure by an additional technique is described and applied 


to three types of samples. Some of the limitations due to hardness, purity, ete. are described. 


Data on thirteen elements were observed in five samples covering a range of not found up to 


400 p.p.m. Data are also given on some experiences with a quartz burning chamber and the 


use of barium fluoride as a flux. 


New instruments and spectroscopy in the vacuum ultraviolet: KR. K. Breum, Jarrell-Ash 
Company. 


Two recently introduced instruments for the vacuum ultraviolet will be described. The first. 


a combination spectrometer-spectrograph of one meter focal length, provides high resolution 


spectra for the range from 500 A to 6000 A with a nominal speed of f/15. 


The second is a spectrometer of the Seva type of 0-5 meter focal length and gives excellent 


verformance, particularly in absorption; for a low cost instrument. Performance characteristics 
: 


of both types will be presented as well as a discussion of source and detectors for use in this 


region. 


Line-width photographic photometry for spectrochemistry: J. A. Prerry.§ Lou's ana State 


University, Baton Rouge, Lousiana. 


Constituent line-width photometry, wherein the photographie line-width of a san ple con 


stituent indicates its concentration, offers the following advantages over densitometry: emulsion 


calibration and a photometric scale are unnecessary, emulsion processing and sample exposure 


need not be strictly reproduced, and one line covers all concentrations. These advantages 


prompted a study of the variables and technique of the method. 


In measuring line-width, lines with wavelengths over 2700 A, plates such as Kodak I, IT. 
and SA-2, and developers such as Kodak D-11 or D-19 are preferred. Any slit-width may be 


used. 
The Leeds and Northrup Knorr—Albers Microphotometer can be simply adapted to rapid 


line-width measurement. A cam switch driven by the photometer recorder, a 900 c/s. oscillator, 


and an electronic counter are used. The line-width of the constituent line is measured within 


10 sec as the line is scanned by connecting the oscillator to the counter at densities exceeding 


the maximum density of a selected matrix line. The total count indicates the line-width. 


Constituent line-width photometry then compares favorably with densitometry in speed and 


precision, in addition to the other advantages. 


* Lincoln Laboratory, M.I.T., Lexington, Massachusetts. 

+ Jarrell-Ash Company, Newtonville, Massachusetts. 

The work reported here was performed in part it Lincoln Laboratory a center for research operated 
by Massachusetts Institute of Technology with the joint support of the U.S. Army, Navy and Air Force: 
in part at Jarrell-Ash Company, Newtonville, Massachusetts. 

§ Present address: Sinclair Research Laboratories, Harvey, Illinois. 
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Emission spectrochemical analysis by the spark and spray-solution technique: A. L. Scuatce 
and H. V. Mautmstapt, University of Illinois. 
rhe characteristics of a quantitative emission spectrochemical solution technique which 
sprays the solution between two horizontally mounted electrodes will be described. A spark 


stand and atomization system has been designed and constructed featuring automatic sample 
lift to the atomization position and automatic return to the original position after termination 
of the exposure period. Such variables as atomization pressure, atomizing gas, electrode 
material, analytical gap width, solvents, anions and cations in the sample solution have been 
studied to obtam optimum conditions for the spark-in-spray technique 

Aluminum, calcium, chromium, iron, magnesium, manganese, strontium, titanium and 
zirconium have been quantitatively determined in silicates with relative average errors of 5 per 
cent and coefficients of variation of 3 per cent; synthetic standards were prepared from 


analytical reagent grade chemicals, and cobalt served as the internal standard element. 


ilctum and magnesium have been determined in blood serum, urine, plant material and 
bacterial spore ash employing one set of synthetic standards, and aluminum as the internal stan- 
dard element. Relative average errors of 3 to 4 per cent were obtained. Manganese was also 
determined in the bacterial spore ash at the 2-p.p.m. level with a precision of 6 per cent 


using background as the internal standard 


MOLECULAR SPECTROSCOPY 
Far infrared instrumentation: H. W. Marsuauy, Perkin-Elmer Corporation. 


\ review will be made of the principal means by which far infrared spectra are obtained. 

Phe discussion will include principles of grating spectrometers, climination of unwanted orders, 

energy considerations, interferometers, detector characteristics and what may be expected in the 


future 


Studies of far infrared spectra of benzene derivatives. Effects of the properties of substituents on the 
frequencies of certain absorption bands: W.. Corsury, Jr., C. V. SverpHenson and 
W. S. Wiicox, Southern Research Institut« 


Four vibrational absorption bands of monosubstituted benzenes occurring in the 250 to 
650 em™! region have been studied in attempts to correlate their frequencies or intensities with 
physical properties of the substituents. The frequencies studied were |} 1a’ | 18" | 19 and V 20’ 
in the notation of Herzberg. Physical properties considered were Hammett’s and Taft's sub- 
stituent nstants, gi Ip electronegativities, dipok moments and masses of the substituents. 
The highest degre f correlation was found between | 19° and substituent mass—a linear 
relation 1 lting when |,. is plotted against the quantity ~~"*, where « is the reduced mass 

X syste Moderate degrees of correlation were observed for VS Hammett’s 

| 14 vs laft's * oF group lectrome Vativityv, and V and Vie Va. Taft's 

In order to decide whether pomts which do not fit the correlations are exceptions to the 
co! t ns or are necorre aSSigTie a tre quencies, it 1s necessary to put t he freque ney assign- 
ments r the monosubstituted benzenes « na sounder basis than is pre mt ntly the case. Since 

' f the frequencies of monosubstituted benzenes is so intractable, the hara 
i derivat cs {| SVrnmetry ere chosen mstead An atts miprt has been made to 
plane for constants of /4-difluorobenzene in order to determine if the corre- 

spondin ol const: f nzene are tran rable to substituted benzenes 


Internal rotational effects in the far infrared: L. A. Harranw and PD. W. Mayo, Wright Air 


Dew ment Cer 


The deseriy n of an infrared cell for use in obtaining spectra of solid, liquid and gases at 
liquid nitrogen temperatur will be presented. Employing this cell, solid state spectra of several 
sor! irocarbo! tive in the 15-25 region Nha been obtamed 

hes data na ite the ccurrem of rotational tsomers in l-iodo alkenes, l-alkenes, 


lihalides 
The rotation somerism observed in the l-alkenes appears to be best explained by employing 


ation about the 2-3 carbon bond. 
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The intensity of the 549 em~! band of 1-butane is inconsistent with the assignment of this 
frequency to a different tone (1). As the band envelope cannot be reconciled with assignment to 
an in-plane bending mode, a reassignment of this frequency to a C-H bending vibration 
of a second rotational isomer present in Il-butene and the higher 1l-alkenes is suggested. 


Infrared spectra of fatty acids, soaps and triglycerines from 14 to 304: KR. O. Crister and 

A. J. Fenton, Proctor and Gamble. 

The infrared spectra of the even, saturated fatty acids from C, to Cy. and the odd saturated 
acids from C; to C,, were examined as solid films. Bands at 14-5-14°8 jp, 18-2-18-2—-18-7 yw, and 
19-5-20-2 «4 common to all of the acids studied are assigned to carboxyl group vibrations 
Numerous weaker bands exist at longer wavelengths (20-30 ”) that are characteristic of the 
individual fatty acids. No simple relationship was found between the alkyl chainlength and the 
number or position of these bands at longer wavelengths. 

The spectra of the sodium soaps from C, to C,, were examined as mineral oil mulls. The 
spectra were found to be generally similar to the corresponding fatty acid spectra. Some shifts 
in the carboxyl vibrations were evident but little change was observed in the bands between 20 
and 30 

Spectra of several single acid and mixed triglycerides were obtained from samples prepared 
as KBr disks and solid films. The spectra thus obtained depended upon the polymorphic phase 
behavior of the compond. The «-2 and f-2 polymorphic phases were well characterized from 
data obtained in this investigation. 


Analysis of phenylchlorosilanes by far infrared absorption: FE. Grenosie and P. J. Launer, 

General Electric Company. 

The infrared spectra of certain phenylchlorosilanes are very similar in the 2-15 ~ wavelength 
region but show marked differences in the 15-30 u range. Based on these differences in the far 
infrared, methods for the quantitative analysis of mixtures of phenylchlorosilanes have been 
developed using a double-beam, double-pass spectrometer equipped with a CsBr prism and a 
new, low-cost KBr spectrometer. With double-beam compensation, low concentrations of 
phenyltrichlorosilane in diphenyldichlorosilane can be determined. Techniques for the quanti- 
tative analysis of mixtures of phenyltrichlorosilane, diphenyldichlorosilane and chlorobenzene 
are described. Because atmospheric water vapor absorbs strongly in the far infrared, flushing 


the spectrometer with dry air or nitrogen improves the accuracy of absorbance measurements. 


The infrared spectra of mono-substituted pyridines from 15 to 35 uw: KR. Isascand F. F. Benviey, 

The Anderson Physical Laboratory and Wright Air Development Center. 

The infrared absorption spectra of over forty mono-substituted pyridines have been in- 
vestigated in the spectral region 15 to 35 and an attempt made to characterize functional 
groups and substitution positions from these characteristic absorptions. Substitution groups 
studies were alkanes, hydroxy], aldehydic, cyano, chloro, amino, acetyl, carbinol, ester and acid. 

An attempt is made to show the analytical usefulness of this region of the spectrum by 


presenting some comparisons with both the near and fundamental regions 


Techniques and applications in the CsBr region, rubber, thiophene and amines: J. Fk. Srewarr, 
Beckman Instruments, Inc. 
A report will be given on three studies in the cesium bromide region of the far infrared 
The spectrum of natural rubber oriented by stretching has been observed with polarized 
radiation in the 12-25 » region. Bands at 570 and 490 cm™~! are assigned to vibrations parallel 
and perpendicular respectively to the polymer axis. Additional bands which are not affected by 
orientation are contributed by the amorphous portion of the rubber 
Thiophene and substituted thiophenes have bands near 450 cm™~! due to an out-of-plane 
bending motion of the ring. A normal co-ordinate analysis helps to explain the nature of this 
and other out-of-plane vibrations of substituted thiophene, furan, and pyrrole 
iencies less than 


Primary aliphatic amines absorb in the ne ighborhood of 470 em™~! and at freq 


290 cm~!. These bands are probably associated with the torsional oscillation of the NH, group 
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1¢ low-feequency absorption is very strong and broad in the liquid phase, 
but appears tot ome narrower in solution and in the vapor phase. 


Spectroscopy of reaction intermediates in cond ensed systems: E. W. AsraHAmson, State 


Forestry at Svracuse U niversity 


tree radicals, ions and electronically excited atomic or 

» be studied by conventional spectroscopy. Recently 

1 developed which make it possible to characterize spectroscopically 
xistence heretofore had been more or less hypothetical. 


and rigid glassy solvent spectroscopy, have been 
hemical reactions 

many orders of magnitude larger than powerful 

times usually less than 100 «vse This produces a 

to measure absorption spectra with a conventional 

h source to photograph the spectrum. Growth 

replacing the spectral flash 


ad\ Sour’ and substituting a monochromator 
tochemical ints rmediates can be produced 
zed simece b lecular react ns are markedly inhibited 


of such interm ‘ then determined by con- 


echniques have been used to study the mechanism and 


trons of anthy quinone dves 


The change in nitrate symmetry in metallic nitrates and in various nitrate-organophosphorus 
complexes:* J. Rh. Ferraro, Argonne National Laboratory 


the 


nfiguration of an equilateral triangk possessing 

compounds in which the nitrate is covalently bound 

fa pomt grou oy S¥mmetry Phus in going from 
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s method 
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The observed changes in the nitrate symmetry in organic nitrate compounds has proved to 
be very useful in giving additional information as to the nature of the nitrate present. 


The fundamental absorption bands of substituted pyridines: and M. Gopar, 

Loyola University. 

By using standard synthetic procedures, a large number of substituted pyridines have been 
prepared. The substituents varied in ty pe according toelectron attracting and repe lling properties, 
and in position on the pyridine ring. Although some work has been published concerning 
alkyl pyridines, essentially no correlations of other substituted pyridines has yet been made. 
On the basis of the present work, it is possible to pick out the important bands associated with 
the position and type of group on the pyridine ring. 


Some results of Raman resonance spectroscopy: F. Dorr and W. Maier, Phys. Chem. Institute, 

Technical University, Munich, Germany. 

The intensity of Raman scattering is unusually large when the incoming frequency is close to 
that of the absorption band of the substance to be examined. This phenomenon is called the 
‘Raman Resonance Effect”. It permits new applications of Raman spectroscopy; e.g. to 
strongly colored materials. Dyes, for instance, produce excellent spectra even in small con- 
centrations. 

A cyanine dye with max 542 mu in a concentration of 10~* mol/l. was examined, using the 


Hg line at 546 ». The influence on the intensity due to solvents and substituents is considerable 


such as p-nitrosodimethyl-aniline in CCl,, CS,, acetone, chloroform, methanol or water. The 


{aman resonance spectra are simple. 

n—-n bands do not appear to show any influence. A quantomechanical investigation by 
Behringer indicates a relationship of the rules of selection according to the Frank—Condon 
principle. 


Simple relations between spectroscopic and thermal energies: F. Door, Phys. Chem. Institute, 
Technical University, Munich, Germany. 


1(353-4my) which corresponds to an 


Formaldehyde has an n—z7 absorption band at 28313 em 
energy of 80-7 kcal/mol. The bond energy of the CO bond, determined thermochemically is 
79:4 keal/mol. We assume that the excited molecule is, because of the small overlap of the 
eigenfunction of the excited electron with that of the remaining 2p oxygen electrons, for practical 
purposes a di-radical. 

Accordingly, the excitation energy of the n—7-bands of conjugated ketones (O—O bands) 
should be EF 80-7 R R keal/mol, where R, and R, are the resonance energies in the 
ground state and in the excited state, respectively. This may be proven by replacing the 
resonance energy of the C-radical for R, without concerning oneself with the O-radical electron 
Inversely PR, may be determined from spectroscopic E-values if R, is known. In di-ketones 
2n—7-bands may be observed, one of which may be represented by FE’ 2 80-7 R, -R, 

63 kcal/mol, indicating excitation of two n-electrons with the formation of a CC— bond with a 
63 kcal/mol bond formation energy. In chinones R, is particularly large because of the for- 
mation of an aromatic structure. If 4’ becomes less than EF, only n—7-band may be found, 
otherwise two. 

There is a correlation of the n—-7-energies with the Redox-potentials in both ketones and 
thioketones. 


Infrared absorption spectra of some inorganic sulfates: A. Hipavco, Instituto de Optica ‘Daza 
de Valdes’, Madrid, Spain. 

The infrared absorption spectra of twenty-five sulfates have been recorded in the range of 
2-25 pu. The absorption cells were prepared by the KBr pellet technique Some of the spectra 
were recorded using the Nujol mull technique also in order to ascertain that the KBr pellets do 
not introduce any variation in the observed spectra. 
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Using known Raman data and a comparison method, the recorded frequencies have been 
assigned to vibrational modes of the molecules under study. 

It is possible to observe the splitting of the degenerated vibrations belonging to the SO,- 

vith T, symmetry in the spectra A noticeable influence of each cation on the position of the 
registered bands has also been observed. This influence is important enough to provide an easy 
identi ion of each of the sulfates 

Che disappearance of the degeneration in the SO,™ ion vibrations, can perhaps be explained 
as being due to lower symmetry of the crystal lattice. 


rhe influence of the water content of the crystal on the spectra was also studied. 


Error prediction in multi-component analysis: J. A. Pexny, Sinclair Research Laboratories, Ine. 

\ simple, empirical equation is presented which accurat« ly predicts low probable errors of 
spectrophotometric analyses. Only the approximate absorptivities of the n components. the 
| 


composition range to be analysed and thus the absorbance | vel A to be measured, and the 


photometric error e need be known. From the matrix of approximate absorptivities is obtained 


the matrix condition index C, a quotient wherein the numerator is the product of the diagonal 
elements and the denominator is the matrix determinant. The condition index C ranges from 
1 to 0 expressing, respectively, zero to complete mutual spectral interference. With this infor- 
mation, the equation can be used 
Phe eq lation 
k (566n 2254)/n*|[e/A] log 1/C 


predicts absolute per cent error E within 0-1 absolute per cent in the 0°%-1°¢ absolute error 


range and in 2nd to 6th order typical nonsymmetrical matrices. 


Determination of 1,10-phenanthrodine by ultraviolet spectroscopy: |’. J. Secrest’, J. A. Pawtey 
and C. A. Lvuccnesi, Sherwin Williams Co. 

\ method for determining the 1,10-phenanthroline content of technical 1,10-phenanthroline 

he difference in absorbance of an alcohol solution of 1,10-phenanthroline at 

is a measure of its concentration. By differential comparison a more exact 

can be made. Results obtained were in close agreement with those obtained with 


standard colorimetric method based on a reaction with ferrous ion. 


The inter-dependence of the intensity of Raman lines of carbon tetrachloride on the frequency of 
the exciting line: W. Horrmanw and H. Moser, University of Munich, Munich, Germany. 


Che integrated intensity of the Raman lines of carbon tetrachloride, excited by mercury lines 

length range of 2964 A to 4358 A, were measured with a photoelectric recording 
Ram: nstrument 

lhe correction factors published by Bernstein and Allen were applied when required. The 

intensity of the mercury lines was measured by means of a standardized magnesium oxide plate. 

In the explored wavelength region an increase in intensity of the Raman lines was found to 

nd to decreasing excitation wavelength. This deviates from the v4 law by a factor of 2. 

also varies in effect for the different faman lines of CCl,. 

ISssumption that the variations are due to the Raman resonance effect and 

extrapolation method of Finkelschtejn “effective absorption frequency” of approx. 

' (or approx. 1500 A) resulted. This value corresponds with the presently known 


r CCl spectrum in u.v. absorption spectroscopy. 


Intensities of infrared vibration bands: KR. Mecke, Freiburg. 
During the past few decades the attention of most spectroscopists was focused on the corre- 
necies of infrared vibration bands with molecular structure. and the frequencies 
ge number of compounds have been tabulated and are readily available. Little 
informat n is available as vet about the intensities of such bands, since the measurements can 
be ci ed out only with considerable difficulty. It is the object of this discussion to point out 
the ivsical principles responsible for the characteristic intensities of infrared vibration bands. 


and to find a physical quantity in terms of which these intensities can be expressed most usefully. 
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X-RAY FLUORESCENCE 
X-ray spectroscopy in storage battery research: G. L. Crank, R. H. Hunt and D. J. Manus. 


The primary purpose of this paper is to show how 36 modern instrumental techniques, 


including the very important X-ray methods, are actually utilized in research and testing on 


storage batteries with special reference to lead-acid accumulators; and how spectroscopic data 


are correlated with other information on materials ranging from the original lead and lead alloy 


for producing oxide and grids, on through every step in the pasting, curing, forming, drying, 


cycling up to failure of plates with resultant contributions to a knowledge of the fundamental 


complexities of the chemistry and electro-chemistry of lead oxides and to the development and 


production oft plates, separators, can nad all other details of the batteries leading to continually 


improving performance. 


Glass defect analysis by X-ray spectroscopy: |’. Kh. Eccrrs, Glass Division, Ford Motor Company. 


A discussion of the history, characteristics and usefulness of X-rays is presented. Glass 


defect analysis is divided into four major types of defects, i.e. devitrification, refractory con- 


tamination, batch carry-over, and a general class which will include the remainder of defects 


encountered. X-ray charts are included for a number of defects. 


100 kV fluorescent X-ray spectrography of the rare earths and rare metals: M. Savmon, Fluo- 


X-Spec Laboratories. 


There are several published techniques for the fluorescent X-ray spectrographic analysis of 


mixtures of rare earths, zirconium and hafnium, columbium and tantalum, and similar mixtures. 


The techniques involving 50 and 60 kV excitation are necessarily concerned with overlapping 


L spectra of the rare earths and interference of second-order K spectra of zirconium or columbium 


with the L spectra of hafnium or tantalum. Methods to optimize the results in view of some of 


these interferences have been successful in some instances but in others, limitations caused by 


the interferences are too severe for satisfactory solution of the analytical problem. 


The recent development of a spectrograph with LOO kV excitation has provided another 


method to eliminate the L spectra interferences since the K spectra are available for all of the 


rare earths, tantalum, and hafnium with the new instrument. 


General operating characteristics of the 100 kV instrument will be discussed and techniques 


involving the use of the K spectra available with the higher excitation potential will be demon- 


strated. 


Application of the multicomponent X-ray spectrograph to the analysis of complex systems: 
Mrs B. J. Mrrenecy., Union Carbides Metals Co. 


At the Research and Development Analytical Laboratory of the Union Carbide Metals 


Company, a multi-channel X-ray spectrograph, the Applied Research Laboratories’ X-ray 


Industrial Quantometer has been applied successfully to the determination of tantalum, colum- 


bium, iron, titanium zirconium, and vanadium in complex systems of these elements in con- 


centration ranges from 0-01 to 99-9 per cent. Simultaneous measurement of the six-element 


combinations requires less than two min; total X-ray analytical time averages less than 15 min 


per sample for oxide samples and 5 minutes for cast metal samples. An instrumental precision 


of better than -+0-3 per cent of the quantity being measured is possible for high percentage 


components, and 5 per cent for trace components. By using a similar calibration program, 


instruments of this type may be applied to the analysis of other combinations of elements from 


atomic numbers 22 through 92. 


Determination of TEL in gasoline by X-ray fluorescence: J. Hansen, Esso Research and 


Engineering Co. 


The successful application of X ray fluorescence spectroscopy to the determination of the 


TEL content of gasolines from a variety of sources is dependent upon a means of correcting for 


the differences between the absorption characteristics of the hydrocarbon matrix of the sample 


and those of the calibration material. 
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Most of the methods which have been or could be employed to compensate for the matrix 
effect involve some modification of the sample or an additional analytical measurement on the 
sample. These techniques include: reduction of all samples to a common matrix; addition of an 
internal standard; addition of a known amount of the element being determined; or, use of 
correction factors based on specific gravity measurements, to indicate the difference between 
the carbon-hydrogen ratio of the sample and the calibration standard. 


In the method described in this paper, no additional procedural step is required as tungsten 


radiation derived from the X-ray tube target is employed as an internal standard. The ratio of 
the net 0-982 A lead radiation to the net 1-302 A tungsten radiation is plotted against TEL 
concentration to prepare an analytical curve. 

The standard deviation calculated from the results obtained on a standard control sample is 

0-08 ml TEL per gallon (95 per cent confidence) at the 3 ml TEL per gallon level. 

The method is applicable to the analysis of fuels containing either pure TEL, Q fluid or 
aviation mixture. Twice the normal concentration of sulfur or phosphorus found in gasolines 
does not interfere in the determination of TEL. 


By employing tables to convert counting time to counts per second and the lead count to 
tungsten count ratio, to TEL concentration, it is possible to complete and report 45—50 analyses 
per S-hour day 


Production control of stainless steel by X-ray fluorescent analysis: §. Damian, Duquesne Works, 


U.S. Steel Co. 


A brief description of an X-ray polychromator and its advantages will be presented. The 


development of a simple routine technique of sampling, sample preparation, rapid calibration 
and data conversion for control analysis is essential. Charts, micrographs and working curves 
will be shown to illustrate much of the technique. The practical handling of interelemental 


effects without the use of correction factors will be discussed. Accuracy and precision data will 


complete the presentation. 


Applications using an automatic direct reading X-ray spectrograph: WW. Kicey, Philips Electronics. 
The Norelco Autrometer using the Universal Detector, Automatic Crystal Changer and 
electronic discrimination is described for various applications in the following industries: 
1. Mining 
2. Cement 
3. Metallurgical. 
Sample preparation techniques as well as analytical techniques are discussed and evaluated. 
Limits of detectability for many of the light elements are given and evaluated from data 
presented. 


Progress in X-ray fluorescence instrumentation: H.T. Dryer and J.W. Kemp, Applied 

Research Laboratories. 

Although optical emission instruments have been successfully used for production control for 
many years, these instruments have limitations. X-ray analysis has been tried as a means of 
overcoming the limitations of the optical instruments and to complement them in order to 
broaden the scope of instrumental analysis. 

X-ray scanning instruments have proved the value of X-ray analysis for control purposes. 
Newer instruments have been designed to cover programs of sufficient size for control purposes. 
This paper will present ARL’s approach to X-ray Quantometer, covering the design of the 
spectrometers, detector devices, recording console and computing devices. 


The control of vacuum-melted high-temperature alloys with the production X-ray Quantometer: 

Marion Tompxrns, Sierra Metals Division, American Marietta Co. 

The Production X-ray Quantometer is being used for the simultaneous determination of up 
to 18 elements in vacuum-melted cobalt, nickel and iron base alloys. Concentration levels are 
from 0-03 per cent to 30 per cent. Analysis time per specimen is about 1} min. Precision values 
were obtained at various concentration levels. 
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A new automatic X-ray analyser for process control: W. Loxancer, X-ray Department, 

General Electric Company. 

This new automatic X-ray Emission Analyser (AXEA) is designed primarily for process 
control operations. The unit has 10 channels, but can be programmed up to 12 elements. X-ray 
tube milliamperage, counter tube voltage (for pulse height selection), and an integrating 
capacitor setting complete the programming operation. The AXEA utilizes focusing crystals for 
higher intensities, a new preamplifier, cathode follower and choice of scintillation or flow counters, 
as well as a digital printer for direct read-out. By far the most important feature is the unique 
method employed for controlling counting event time by monitoring X-ray tube output intensity 
with an ionization chamber. This unit will also scan for qualitative analysis as well. 

The over-all precision of repeated measurements over a day's period are less than 0-5 per cent 
generally of the order of 0-2 per cent to 0-3 per cent, including the statistical error of counting at 
0-1 percent . The automatic analyzer reduces technician time on sample handling and instrument 


manipulation to a minimum. 


New X-ray equipment: V. E. Bunr«e, Radio Corporation of America. 

A description will be given of the new X-ray diffraction and spectroscopy equipment marketed 
in the United States by RCA and manufactured by the Siemens—Halske Corporation of Karls- 
ruhe, West Germany. The constant potential d.c. X-ray generator, diffractometer, electronic 
circuit panel, cameras and special accessories which add to the versatility of the equipment will 


be discussed. 


Precision in X-ray emission spectrography: P. D. Zemany, H. G. Preimrrer and H. A. Lres- 

HAFSKY, General Electric Co. 

X-ray emission spectrography is a comparative method of analysis, i.e. the quantity measured 
(count or count rate) is related to the amount of the element in the unknown sample by means of 
a standard whose composition must be determined by some independent method. Some of the 
various instrumental and inherent errors which limit the precision with which this comparison 
can be made and methods of measuring and of reducing these errors are described. The 
irreducible minimum instrumental theoretical error, which can and should be achieved in any 
practical case, is that determined by the statistical nature of the intensity measurements and 
can be predicted. The magnitude of this error, for different kinds of analytical procedures is 
derived and illustrated with experimental data. The experimental data concur with theory, 
thus verifying the assumption that errors in X-ray emission analysis may be predicted by 


application of statistical theory. 


Current Applications of the Electron Probe Microanalyzer: L. 8S. Binxs and R. E. Seesown, 
U.S. Naval Research Laboratory. 
Recent applications of the Electron Probe to the intermetallic diffusion of niobium with iron, 
nickel and stainless steel will be shown. Relationships of submicron particle size to X-ray 


intensity will be discussed in terms of its effect on the measurement of discreet precipitates in 


metals. 


Matrix compensation in X-ray fluorescence analysis: J). Suerman, Philadelphia Naval Shipyard. 

It is well known that the relative intensity of a fluorescent X-ray beam from an element 
depends not only on the concentration of the element in the specimen but also on the absorptive 
properties of the specimen as a whole, or as it is usually expressed, on the properties of the 
matrix. But the absorptive properties of a matrix depend on the composition of the specimen 
which is precisely the information to be obtained from the analysis. The reasoning behind an 
analytical procedure thus assumes a circular character. While functions have been derived, for 
specimens of certain types, which correlate relative X-ray intensity with known composition, 
the inversion of the functions, i.e. the correlation of composition with intensity, is not a simple 
matter. 

However, since analyses must be made, certain procedures have been suggested. Many of 
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these are purely empirical and suitable for production specimens only, while others furnish 


approximations of a more or less general nature. One method, under certain explicit conditions, 
is theore tically exact 

lhe various methods will be discussed and their limitations analyzed. The exact method will 
be presented along with the restrictions of its inherent assumptions and its practicability as an 


experimental procedure. 


A comparative study of X-ray and optical spectrochemistry: F. Brecn, Jarrell-Ash Company. 

Until recent years optical emission and X ray fluorescence spectroscopy were non-competing 
complementary techniques in their applications to routine analytical control problems. The 
optimum analytical range for optical spectroscopy is that of minor and trace concentrations in 
alloys, mixtures and compounds. In addition, however, there are few elements that are insensi- 
tive to the optical method. X-ray fluorescence techniques are pertinent to major constituents 
and in many cases minor constituents above Z-22. More recently applications of the X-ray 
method have been extended to lower concentrations and to lower Z numbers, whilst the optical 
method has been extended to high concentrational ranges. 

Accuracy dependency factors differ considerably for each technique whilst precision de- 
pendency factors have a closer similarity. Although there is a broad overlap for the applicability 
of each technique, both optical emission and X-ray fluorescence have separate and distinctive 
advantages. From the study of analytical requirements and of instrumental techniques involved 
a code of analytical appropriateness will be presented for optical emission direct reading spectro- 


scopy and X-ray fluorescence spectroscopy. 
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BOOK REVIEW 


Joun Stronc: Concepts of Classical Optics. Johns Hopkins University. 


PROFESSOR STRONG has written an unusual book. It is unusual in that it devotes to its appendix 
more than 76 per cent as many pages as are included in the regular portion of the book. It is 
unusual in that it contains more than 400 informal drawings or sketches of the type which 
helped make Strong's book on experimental procedures and laboratory techniques so valuable. 
It is unusual in its ability to combine classical material with a freshness of approach and an 
implication of incompleted theory and unclosed avenues of progress in the future. 

While the two topics are not formally separated, physical optics receives priority in order of 
treatment and in degree of emphasis. Complex number notation is used immediately for wave 
description. Formal superposition of waves is discussed early, but the detailed consideration of 
diffraction and interference is delayed until the middle of the book. Instead the interaction of 
electromagnetic waves with matter is taken up in some detail. Fresnel reflection coefficients 
are developed from electromagnetic boundary conditions. This is followed by a concise but 
rather graphic consideration of dispersion in dielectrics, optical properties of metals, and topics 
associated with scattering processes. Polarized light receives two chapters of attention at a 
level typical of an intermediate optics textbook. 

After a discussion of double-beam interference and interferometers, the results of Kirchhoff 
diffraction theory are presented and applied first to the Fresnel diffraction situation, then to the 
Fraunhofer case. The fundamental ideas of Kirchhoff theory are clearly presented, but no 
attempt is made to follow through the mathematical details of its development. The following 
quotation, appearing after a discussion of Cornu’s spiral but before illustrations of its use, 
seems to suggest the spirit and attitude which appears in many other places throughout the 
book. After mentioning several inadequacies in the theory, STRONG says: “In spite of these 
impairments, the Cornu spiral treatment has been useful in many applications. And besides, 


pedagogically, it affords the student an example of a typical theory in physics which has an 


impressive neatness, inspiring awe; which makes necessary compromises, requiring prudence; 
and which is blemished by a lack of complete validity, requiring understanding.” 

Geometrical optics occupies 100 pages, dealing with images formed by single surfaces and by 
systems of surfaces, with apertures and field considerations, and with image defects. In the 
always controversial area of sign conventions, STRONG chooses the system recommended by the 
1934 report of a committee of the Physical Society (Cambridge) in which the index of refraction 
of the medium has a sign depending on the concavity or convexity of the refracting surface 
involved. This deviates from the conventions usually met by students in the elementary courses 
in physics and from the conventions used in many of the reference texts which might be consulted 
by the intermediate student. 

The appendix contains seventeen topics chosen from currently active areas of optics 
Written by various authors, these sections “‘are intended to give the student the flavor of current 
activities and interests in our field’’. They succeed admirably in this; they provide a student with 
a brief review of the topic and a wealth of specific information and/or experimental details 
which bring him close to the spirit of the worker in an optics laboratory. The topics supplement 
the text material with extreme effectiveness, and represent a contribution not found in any 
other intermediate book 

Twenty-five pages of problems are grouped together at the end of the book, but are : 


by chapters. Many of them are non-routine type, involving proofs of certain con 
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A double-beam automatic prism-grating infrared spectrophotometer 


L. W. HerscHer 
Spectroscopy Laboratory, The Dow Chemical Company, Midland, Michigan 


( Rece ived 20 June 105%) 


Abstract—The design and performance of a prism-grating, double-beam infrared spectro- 
photometer primarily intended for chemical analysis is described. Ease of operation, rapidity of 
scanning, and the presentation of spectra as unbroken recordings on charts of a size to fit 
standard filing cabinets have retained for this instrument the convenience of the conventional 
prism spectrophotometer. This has been achieved by completely automatic programming of 
all the operations for interchanging the three gratings and synchronizing their scan with the 
foreprism to cover the range from 3800 em™! to 450 em (from 2-6 to 224). Two of the 
gratings are used in the first order only and one in the first and second orders. The spectra are 
presented linear in transmittance on a scale registered as absorbance, vs. a linear wave-number 
scale. Scanning time averages about 15 min with automatic scan speed suppression. With the 
127 mm 102 mm gratings a resolution of one-half wave-number can be used throughout the 
spectrum under routine conditions of signal-to-noise ratio and recording time. For all but the 


1 resolution with 


few light gas samples, a standard slit program is used which provides ~1 cm 
a signal-to-noise ratio of 600 to 1 at a 1 sec time constant. Under these conditions complete 
spectral detail is shown and over 90 per cent of the bands are recorded at 95 per cent or greater 


of their true absorbance value. 


Introduction 

THE merits of gratings as dispersive elements in infra-red spectrometers are well 
known and have been discussed and demonstrated [1-14]. The use of gratings in 
spectrometers for industrial chemical analysis has usually been avoided, partly 
because of the inconvenience in recording and using the discontinuous spectro- 
grams of available instruments. These objections have been partly removed with 
the introduction of the instrument described in [13]; however, all of the features 
listed below are considered to be of importance in the design of a grating infra-red 
spectrometer for industrial analysis. 

(1) Seanning of the entire range should be completely automatic after the 
operator presses the start button. 

(2) The spectrogram should be presented as an unbroken record on a chart 


. M. Ranpawy, Revs. Modern Phys. 10, 72 (1938). 
. M. Ranpary, J. Appl. Phys. 10, 768 (1939) 
A. OetTsEN, J. Opt. Soc. Am. 35, 743 (1945). 

. F. Stam and J. F. Wuaren, J. Opt. Soc. Am. 36, 2 (1946). 
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. Strona, J Opt. Sor Am 39, 320 (1949) 

J.D. 8S. Goutpen, J. Sci. Instr 29, 215 (1952). 
R. H. Corie, J Opt Soc. Am 44, 741 (1954). 

. Jacqurinot, J. Opt. Soc. Am. 44, 761 (1954). 

. U. Wurre, J. Opt. Soc. Am 47, 358 (1957). 

. C. Lorp and T. K. McCussr, J. Opt. Soc. Am. 47, 689 (1957) 
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with a printed absorbance scale and a continuous wavelength or frequency scale 
and of a size to fit standard filing cabinets without folding. 

(3) A double beam system should be used for compensated and differential 
spectra and for a flat zero absorbance line. 

(4) It should be possible to use very wide slits in order to maintain the reference 
beam energy when compensating for strong absorption. 

(5) Since the dispersion of the gratings is adequate the range should not be 
limited by the transmission of a rock salt prism. 

(6) The number of order and/or grating changes should be held to a minimum 
and should not be apparent in the completed spectrogram. 


The spectrometer described in this paper was designed to achieve these goals. 


Optical system 

Fig. 1 is a schematic diagram of the optical layout. Light from the source H 
(tight helix of nichrome heated to about 1050°C) is divided into two beams S and 
R which are focused on the monochromator entrance slit S, by mirrors .M, and M,. 
The reference beam RF is reflected by the fixed plane mirror W, and then passes 
through the beam balancing attenuator B. The rotating sector mirror , alter- 
nately passes the reference beam and reflects the sample beam to the entrance slit. 

The photometer design also includes a light by-pass arrangement (more fully 
described in a previous publication [15]), the purpose of w hich is to avoid the loss 
of a dynamic balance condition in the servo at 0 per cent sample transmission as 
occurs with the conventional optical null photometer. A further advantage of the 
light by-pass is that it aids in attaining linearity of the transmission scale to 
complete absorption. The principal component of the light by-pass system is the 
small rotating mirror M,. This mirror is synchronized with the main sector 
mirror M, through gearing. During the sample beam phase of the cycle, M, 
reflects the reference beam on to the sample beam window W,. This window is 
mounted at the proper angle so that the surface reflections of the light arriving 
from M, are added to the sample beam. The amount added constitutes about 3 


per cent of the unattenuated reference beam. P is a AgCl plate the function of 


which is explained later. 

Light from the photometer section passes through the entrance slit S, and 
enters the fore-prism monochromator. A 60° KBr prism with faces 100 mm by 
75 mm is used in the Littrow mounting. The collimator M, is a 5 in. diameter 
parabola, 11° off axis and of 18 in. focal length. 

Light enters the grating monochromator through the intermediate slit S,. 
Two 36 in. foeal length collimators are used in a CzerNy—TURNER arrangement 
[16,17]. After leaving the grating section through S, the light is focused onto 
the detector at D. 

The grating axis of rotation for scanning is at A, while for grating changes the 
axis of rotation is at A,. Each of the three gratings has a ruled area of 127 mm 

102mm. The first has 300 grooves/mm, is blazed at 3-5 uw, and is used in the 


L. W. Herscuer, H. D. Runt and N. Wrieut, J. Opt. Soc. Am. 48, 36 (1958). 
H. Czerny and A. F. Turner, Z. Physik 61, 792 (1940). 
W. G. Fastir, J. Opt. Soc. Am. 42, 641 (1952). 
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first order from 3800 em~! to 2000 em~!. The second has 75 grooves/mm, is blazed 
at 12 uw, and is used in the second order from 2000 em~' to 1333 em~! and in the 
first order from 1333 cm to 667 cm~'. The third grating has 47 grooves/mm, is 
blazed at 20 uw, and is used in the first order from 667 cm~ to 450 em~'. The 
long-wavelength limit is established by the transmission cut-off of the KBr 
fore-prism. 

The employment of three gratings instead of using one through several orders 
reduces the number of shifts. It also permits the use of wide slits while retaining 
sufficient resolution in the fore-prism section to prevent any interference from 
overlapping orders. 


Construction 


An overall view of the spectrometer is shown in Fig. 2. The construction is 
similar to that described in [15]. The electronics and control components are 
contained in the space below. The optical components and the recorder are 
mounted on a 66 in. by 28 in. by } in. iron plate floating on six rubber stoppers. 
The flat-bed, roll-chart type of recorder was chosen to prevent wavelength errors 
resulting from chart-paper length changes due to humidity variations. It also 
prevents errors in positioning the chart as may occur with the drum type. The 
grid portion of the charts is 23 in. by 6} in., printed in 24 in. repeating cycles on 
100 ft rolls. 

The grating mount and changing mechanism is shown in Fig. 3. The three 
gratings are mounted back to back on a turret table. For changing gratings the 
turret is driven by a small d.c. motor through a worm gear. The indexing mecha- 
nism is a roller on a leaf spring engaging one of three notches in the bottom of the 
turret table. The change-motor power is cut off by a switch mounted above the 
notch and operated by the indexing roller as it engages the proper notch. The 
drive pin for the worm is free to move in an axial slot in its shaft so that as the 
indexing roller touches the edge of a notch the indexing system takes over to 
advance the turret to the precise position while the exact stopping position of the 
change motor is not critical. The leaf spring carrying the indexing roller is rigidly 
attached to the spindle of the scanning arm which is in turn positioned by a set of 
cams to control the grating monochromator wavelength. 

The cam turret is shown in the photo Fig. 4. This assembly is located below 
the spectrometer base plate. The main spindle is geared to the chart and scan drive 
motor through a worm gear above the base plate. The four slip rings nearest the 
base plate are for electrical connections to the indexing switches. The top cam, 
which is for the prism scan, is rigidly attached to the main spindle, as is also the 
worm gear near the bottom. The two lower cams, the motor and the worm shaft 
support are mounted on an independently rotatable turret, the position of 
which is indexed in relation to the prism cam by a spring leaf mounted roller and 
notch similar to that used for positioning the grating turret. The middle cam is 
for slit-width control, and the lower four-section cam is for scan drive of the grat- 
ings. Each of the grating cam sections is independently removable for adjustments 
and is accurately located when replaced by three set screws, two for radial position- 
ing and one for angular positioning around the turret axis. 
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Fig. 3. Grating mount and changer 
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A double-beam automatic prism-grating infrared spectrophotometer 


During a scan all cams rotate as a unit to a point of grating or order change. 
At each of these points the chart and prism scan drive stops while the gratings 
change (if required), and the slit and grating cams turret is advanced by the cam 
change motor about 30° to the next indent. This places the following section of 
these cams in position for the next scanning interval. About 240° of rotation of 
the prism cam are used for scanning the spectrum. The grating and slit cams ad- 
vance this same amount plus that required for the three changes, giving a total of 
about 330°. At the end of the scan, normally the sean drive is left to continue 
forward for another 120° to complete the cycle back to the starting point while 
the grating and slit cam turret drive is reversed automatically to drive the turret 
backward ~90° to its starting position. The cam turret motor is also wired into 
the scan reversing switch so that in case the operator desires to run a portion of a 
scan and then reverse, the turret will also reverse and again take the shorter way 
to the correct position. There is no possibility of the gratings or cams getting out 
of step regardless of how the scan drive is switched, because for any given region in 
the scan cycle, there is only one active indent switch at which the grating or cam 
turrets can stop. 


Control system 


Fig. 5 shows a block diagram of the electronics and a schematic of the mechanics 


of the control system. 
The optical null system is conventional and need not be discussed [18]. The 
system used for scan speed suppression as a function of the off-balance signal is also 


described in a previous publication [15]. 

The scan motor drives the chart drive roll, the programming cams and the 
wavelength and slit cams. The signals from five SPDT programming switches are 
fed into the control chassis which uses a 28 V d.c. power supply and thirteen relays 
to actuate the motors and solenoids to perform all of the operations needed to 
complete a scan. 

Three of the programming switches initiate the positioning of cams and gratings 
and the insertion of a short-wave filter at 1333 em~'! to 450 em~!. When either the 
cam-change or grating-change motor is operating, a relay is active which lifts the 
pen, inactivates the balance servo, and stops the scan motor. The coil of this relay 
is shunted with a capacitor to give about 1 sec delay before recording can proceed 
after the cams and gratings have reached their new positions. 

A fourth programming switch provides for stopping the scan drive at the 
starting point for the next record and also (optionally) at the 1333 em~ solvent 
change point if the selector switch is in position. The scan stop also sounds an 
annunciator bell to warn the operator. 

The fifth programming switch initiates the closing of three relay contacts. 
One of these actuates a brake to hold the chart drive roll for two of its revolutions 
after the completion of the spectrum portion of the cycle, another lifts the pen 
and the third switches the scan motor to run at full speed forward to completion 
of the cycle. The use of the brake on the chart roll permits the gap of blank paper 
between adjacent charts on the roll to be held to the minimum of about | in. 


[18] N. Wricut and L. W. Herscuer, J. Opt. Soc. Am. 37, 211 (1947). 
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required for margin. Precise timing of the brake is not required because an indent 
clutch is used for exact positioning of the chart drive roll. 

To start the next scan it is only necessary to depress the start button momen- 
tarily. This activates a relay which releases the latching relay for pen lift and opens 
the scan-stop relay. A time delay circuit holds the scan-stop relay open until the 
programmer has moved out of the active position for sean stop. 
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5. Control mechanism schematic and block diagram. 


Performance 


One of the design requirements of this instrument was that there would be no 
obvious discontinuities in a spectrum at the points of order or grating changes. 
This requirement has been met satisfactorily (see Figs. 8 and 9). It requires 
accurate matching of the wavelength calibration and at least approximately equal 
resolution from the two modes of operation at the change points. There must also 
he good matching of the sample and reference beams with respect to the grating 
areas illuminated. 


To avoid shifts in relative transmission at the change points, any polarizing 
effects had to be equalized in both the main beams as well as in the light by-pass 
beam. This is true because the large changes in grating angle, at order or grating 
change points, produce abrupt changes in the degree of polarization of the diffracted 
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A double-beam automatic prism-grating infrared spectrophotometer 


light. Transmission through the diagonally mounted sample-beam window of the 
photometer (W,, Fig. 1), which is a necessary part of the light-by-pass system, 
produces some degree of horizontal polarization in this beam. This is matched by 
mounting the reference-beam window at a similar angle. The light by-pass beam 
is partially polarized in the vertical direction by reflection from the diagonally 
mounted sample beam-window. To offset this the AgC] plate P in Fig. 1 is mounted 
in the light-by-pass beam. The degree of matching can be adjusted by the angle 
of mounting the windows W, and W, and plate P. 
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Fig 7. The percentage of the peak absorbance value re ‘orded as a fun tion of slit width 
for bands ranging in width from 0-8 em~! for band G to 5 em~' for band A 1; Penta- 
chlorophenol 8-3 4 B: Toluene ¢ Pentachlorophenol 7-2 D: Pentachloro- 
phenol TR E, F, G pBromochlorobenzene and respectively, The 
slit-width seale is linear and 30 on the chart corresponds to a spectral slit-width of ~1 em=! 
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The principal advantage in the use of gratings over prisms is of course the high 
dispersion which they provide. The dispersion may be used to obtain very high 
resolution, or by widening the slits the resolution may be traded for light energy 
with a corresponding increase in signal-to-noise ratio. For standard operation we 
have chosen a slit program which gives a spectral slit width of ~1 em™ and a 
full-scale signal-to-noise ratio of 600 to 1 with 1 see time constant. This allows for 
a complete scan from 3800 em! (2-65 ~) to 450 em=! (22 ~) in about 15 min for 
the average compound. 

Fig. 6 shows a comparison of this performance with a rock-salt prism spectro- 
photometer equivalent in detecting system and size of optics. A and C show the 
3-4 « and 8-12 u absorption regions of methane and ammonia, respectively, when 
run on the prism instrument with a slit program giving a signal-to-noise ratio 
two-thirds (400-1) that of the grating. Band D are exactly the same samples run 
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on the grating spectrometer. A comparison of the resolution of the two instru- 
ments for these runs shows that the grating has about one-twentieth the spectral 
slit-width in the 3 « region and one-third in the 10 w region. 

Fig. 7 is presented to illustrate the effect of spectral slit-width on the observed 
absorbances of a number of the sharpest bands encountered in solution spectra, 
varying in half-width at half absorbance from 5 em~' for band A to 0-8 em~ for 
band G. The peak absorbance values were determined by extrapolation using 
data from Kostowsk1 and Bass [19]. 


AAA 
a 
i 
Fig. 10. From 10-4 4 to 1l ammonia: ~0-4 em”! spectral slit-width Signal -.to-noise 
ratio 1(4)-1 with 1] see time constant Recording time 50 min V Lie 
Our normal slit-width corresponds to 30 on this chart. From a random sent 
selection of 50 solution and mull spectra, only 7 per cent of the bands were found 
to have half-widths narrower than 2-5 em~! which corresponds to curve D of . 


Fig. 7 from which we can infer that over 90 per cent of the bands in solution and 
mull spectra should be recorded at 95 per cent (or greater) of the true absorbance. 

Fig. 8 is a composite of three scans which include polystyrene, lithium fluoride, 
and air vs. air. The lithium fluoride zero shows the nearly complete absence of 
scattered light. 

Fig. 9 is included as a typical solution spectrum. Both of the above figures 
were recorded with the normal slit program. 

Fig. 10 was run with spectral slit-width ~0-4 of normal to show that higher 
resolution is available if required. The section shown was made in a scanning time 
of 50 min. A full scale detector output of 0-24 wV is available at this slit program. 


Conclusion 

This spectrometer has now been in routine operation for about 6 months and 
continues to give good performance. About 3000 spectra have been run. The 
increased resolution, extended scanning range, and high signal-to-noise ratio of 
the spectra produced are found to be valuable features for all types of analysis 
and research. ; 
Acknowledgements—The writer wishes to acknowledge his indebtedness to Dr. N. Wricut for 
his advice and encouragement of our investigations into the use of gratings; to Dr. W. J. Porrs 
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H. D. Ruut for their help in the design and construction of the new instrument. 
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Abstract—The infrared spectra of fifty-five inorganic phosphorus compounds including ortho- 
phosphates, phosphorofluoridates, pyrophosphates, imidodiphosphates, and metaphosphimates, 
have been examined, 

Particular attention has been given to an absorption band in the region near 3100 cem™, which 
is due to N—-H stretching. The appearance of this band in cyclic phosphorus—nitrogen com- 
pounds indicates the structure P(O)——-NH rather than P(OH)==N and suggests that 


their nomenclature be reviewed. 


Introduction 
INFRARED absorption data have found application in the identification of com 
pounds and in the elucidation of chemical structure. Previous reports on phos 
phorus compounds have included those by Daascu and Smrru [1] and CorBripGEe 
and Lows [2]. 

The present work will report the spectra of the salts of sodium, potassium, 
zinc, silver and thallium, obtained in the solid state, using the anhydrous salts 
wherever possible. This has given information in the 3000 em region which has 
been overlooked when hydrates were used. The phosphorus compounds include 
the simple orthophosphates, the phosphorofluoridates, the chainlike pyro- and 
triphosphates, the ring metaphosphates, and their nitrogen analogs in which —NH, 
is substituted for —OH, and in which —NH— rather than —O— is the link 
between phosphorus atoms. 

The absorption spectra are presented for all the compounds. Interpretations 
are given for N—H stretching, N—D stretching (in deuterated compounds), 
(P)—NH, stretching, (P)—NH, deformation and NH, deformation. Other 
absorptions such as P—OH which are in agreement with previous assignments 
are noted. 

Experimental 


All spectra were recorded from 5000 to 650 em on a Beckman [R-4 Double 
Beam Spectrometer. The materials were examined as Nujol and hexachloro- 
butadiene (HCB) mulls. In preparing the figures, the HCB mull spectra were used 
for those regions obscured by the characteristic Nujol absorptions at 2918, 2861, 
1458 and 1378 

Use of the mulling techniques is necessary to reveal structure in the 3000- 
2000 em- region. The work of Corpripce and Lowe [2], in which various 
inorganic phosphorus compounds were examined as powders spread on rock-salt 


fl) L. W. Daascu and D. C. Smrru, Anal. Chem. 23, 853 (1951); N.R.L. Report No. 3657. 
f2)} D. E. C. Corspripce and E, J. Lowe, J. Chem. Soc. 493 (1954). 
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plates, did not reveal the data available in this spectral region. Mulling techniques 
minimize radiation-scatter and possible sample-hydration, both of which effects 
are inherent in the dry powder-method. 


In experimenting with alternative methods of preparing the samples, one of 
the limitations of the KBr pellet method became evident. The defect was most 
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pronounced in the various silver salts. [onic transfer occurred. so that the spectral 
patterns obtained were characteristic of the potassium salts rather than the silver 
compounds. As would be expected, the characteristic silver halide discoloration 
was observed in the pellets. 


Compounds prepared for this study were essentially pure, as shown by X-ray 
diffraction [3], and generally agreed with the theoretical composition by chemical 
analysis to within 


-5 per cent error. 


Results 


The absorption spectra are shown in Figs. 1—57. 


N—H stretching 


The region 3200-2900 em~ contains the vibrations of the N H stretching 


[3] A. H. Herzoc and M. L. Nretsen, Anal. Chem. 30, 1490 (1958). 
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mode, present in compounds having the —NH— group as a bridge between 


phosphorus atoms in a chain. Similarly assigned absorptions are also noted for 
the ring phosphorus nitrogen compounds, The multiplicity of absorptions is due 
to varying degrees of association involving the proton of the N—H linkage (Table 1). 

Upon replacement of hydrogen with deuterium, as in K,(PO,NH), by exchange 
with D,O, a reduction of the absorption intensity at 3140 em~! and a development 
of that at 2390 em-' (N—D stretching) are observed (Figs. 42-45). 


Table 1. The N H stretching frequency 


Position 
Compound Figure 
(cm *) 


Imidk diphosphates 


Sodium 3170 
Dipotassium dihydrogen 2 3090 
Zine y 3065 
Tetrasilver 2¢ 3295 
Pentasilver Not observed * 
Thallium : 3045 
Di-imidotriphosphates (chain) 15 
Zin $245 195° 


Thallium 3040 


Di-imidotrimetaphosphate (ring) 
Potassium 
Silver 
Thallium 
Thallium compound with TIOH : 3050 


D. Trimetaphosphimates 
Sodium (tetrahvdrate) 3190 
Potassium 3200, 3140, 3050 
Silver 3200, 3050. 2940 
(broad, distorted) 
Thallium 3075 
Thallium compound with TIOH 3020 


E. Tetrarme taphosphimate« 
Diammonium dihydrogen ~3045 (broad) 
Ammonium (tetrahydrate 5 ~3200 (broad) 
Disodium dihydrogen f 3220, 3030 
Sodium (trihydrate) 5 3260, 3140 
Potassium 5 3120 
Silver f 3070 
Thallium 5s 3100 


* No distinct absorption above particle size scatter 
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(P) NH, vibrations 

Only limited data on phosphoramidates have been compiled in studies of the 
(P)—NH, vibrations [2, 4, 5]. The N—H stretching and deformation vibrations 
are very little affected by the presence of the phosphorus, the characteristic 
absorptions occurring at the same positions as in normal amines. Thus, (P) NH, 
compounds show a series of N—H stretching absorptions in the 3330-3100 em— 
region when examined as solids, the number of absorption bands and their position 
being dependent on the degree of association. The frequencies of the N—H 
stretching vibrations for phosphoryl triamide, thiophosphoryl triamide, the 
sodium, zine, silver and thallium phosphoramidates, and zine phosphorodiamidate 
are listed in Table 2. 


Table 2. [(P)—-NH,] assignments 


Internal External 
N—H deforma- N—H deforma- 
tion frequency tion frequency 
[(P)—NH,] [(P)—NH,] 


(em!) (em~!) 


N—H stretching 
frequency 


Compound Figure ((P)}—NH,] 


(em™! 


Phosphory] triamide 56 3290 1580 840-660 
Thiophosphoryl triamide 57 3155 1565 810-650 
Sodium phosphoramidate 19 3390, 3300, 3100 1590 770-645 
Zine phosphoramidate 20 3235, 3195 1535 (sharp Not observed 
and enhanced) 
Silver phosphoramidate 2 3140, 3025 1535 Not observed 
(shoulder) 
Thallium phosphoramidate 2% 3300, 3220 1555 (broad) 810-700 
Zine phosphorodiamidate 23 3280 1565 830-700 


(P)—NH, compounds exhibit their internal deformation absorptions in the 
1580-1530 em! region. As a deformation mode, this absorption moves to higher 
frequencies on bonding [6]. A listing of the NH, internal deformation frequencies 
is given in Table 2. 

Most primary amines show broad absorptions in the range 900-650 em due 
to the external deformations of the NH, group [7, 8]. The external deformation 
absorptions of the NH, group are given in Table 2. Although it is recognized that 
the P—N stretching frequency has been suggested as occurring in the 750-680 
em~' range [5, 9, 10], and that the P=S stretching vibration absorbs weakly at 
840-600 em~' [1], 11], the major portion of the broad absorption in the 900-650 


[4] L. J. Beviamy and L. Breecner, J. Chem. Soc. 475 (1952). 

[5) B. Hotmsrepr and L. Larsson, Acta Chem. Scand. 5, 1179 (1951). 

(6) H. W. Tuompson, D. L. Nicnorison and L. N. SuHort, Discussions Faraday Soc. 9, 222 (1950). 
[7] A. P. Creaves and E. K. Pryuer, J. Chem. Phys. 7, 563 (1939). 

[8] J. R. Barce.oé and J. BELLanato, Spectrochim. Acta 8, 27 (1956). 

[9] R. B. Harvey and J. E. Mayuoop, Can. J. Chem. 38, 1552 (1955). 

[10] D. E. C., Consriner, J. Appl. Chem. 6, 456 (1956). 

[ll] R. C. Gore, Discussions Faraday Soc. 9, 138 (1950). 
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em region of the (P)—NH, compounds must be associated with the NH, external 
deformation mode. 

The anomalous behavior of the silver phosphoramidate, i.e. shifting to a lower 
frequency of the N—H stretching mode (3140 em~"), lowering of the internal NH, 
deformation frequency (1530 em~!) and the disappearance of the external NH, 
deformation mode, would suggest a possible co-ordination of the metallic (Ag) 
atom with the N in the formation of a nitrogen-to-metal bond. QuAGLIANO et al. 
(12, 13] observed that the absorption peaks associated with the N—H stretching 
vibrations of a number of amines shifted to lower frequencies on the formation of 
nitrogen-to-metal bonds in various metal co-ordination compounds. 


All wi addition compounds 
Early work by Sroxes [14] showed that sodium trimetaphosphimate, in the 
presence of sodium hydroxide, formed a compound Na,P,N,0,H, + H,O. This 


was reported to be a linear compound: 
() () 
A H A 
NaO—P—N—P—N—P—NH, 
ONa ONa ONa 
formed by the cleavage of the ring under alkaline conditions. This has not been 


substantiated by nuclear magnetic resonance [15] which indicates only one type 
of phosphorus-substitution to be present. Other chemical evidence, such as the 


easy removal of free base on contact with ethanol, and direct titration of the 
compound with acid showing | mole of free NaOH [15], supports the concept of an 
addition compound, Infrared analysis was not 
applicable, because of the presence of water of hydration, 


Table 3. N--H stretching frequency 


Position 


Compound Figure 
(em 1) 


Thallium trimetaphosphimate 

Thallium trimetaphosphimate with TIOH 

Thallium di-imidotrimetaphosphate (ring) 

Thallium di-imidotrimetaphosphate (ring) 
with TIOH 


It was found, however, that the thallium compounds could be made in an 
anhydrous form. The thallium trimetaphosphimate combined with equivalent 


V. OQvaciiano, G. F. Svatos and C. CURRAN, tnal. Chem. 26, 429 (1954 
Svaros. C. Curran and J. V. LIANO, J fon. Chem. Sow 77, 6159 (1955). 

N. Strokes. Am. Chem. J. 18, 620 (1896). 

L. Nretsex, Unpublished work 
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TIOH to form the compound TI,(PO,NH),°TIOH, in which the excess thallium 
could be titrated as free base in water solution. In addition, the cyclic thallium 
di-imidotrimetaphosphate also formed a 1: 1 adduct. In none of these do the 
infrared spectra support a linear structure with a terminal —NH, group. The 
infrared spectra of the addition compounds exhibit more complex patterns than 
the thallium trimetaphosphimate and the thallium di imidotrimetaphosphate 
(ring). The N—H stretching frequency shifts to a lower value with the presence 
of the TIOH (Table 3). This shift suggests (a) an increase in hydrogen bonding of 
the N—H. or (b) co-ordination with the N of the N—H [12, 13}. 

Discussion 

Acidic salts. containing the —P—OH group, show the characteristic broad 
absorptions at 2700-2560 and 2500-1600 em", 

The amides and phosphoramidates, containing the —P NH, group, show the 
absorptions at 3300-3100 em! for stretching and at about 1570 em for 
deformation. 

The compounds containing the —NH— group, namely the chain phosphorus— 
nitrogen compounds such as the imidodiphosphates, show absorptions at 3200 
2900 em— which are assigned to the N—H stretching mode. This band is absent 
in the analogous phosphorus-oxygen compounds such as dipotassium dihydrogen 
pyrophosphate. 

The cyclic phosphorus—nitrogen compounds derived by hydrolysis of (PNCI,)3, 
such as the sodium salt H,N,Na,0,P,, have been variously called phosphonitri- 
lates [2] (or phosphoronitridates |16]) or trimetaphosphimates [17] in accordance 
with two possible structures ((I) and (I), respectively): 


HO ONa 0 ONa 


N 
H 
(11) 


These, like the chain phosphorus—nitrogen compounds, show strong absorptions in 
the region assigned to —N—H stretching, at 3200-2900 em". Spectral evidence 
for the presence of the P=N group is not observed, and therefore it appears that 
structure (II) represents the facts and “phosphonitrilate” is not a suitable name. 
When these compounds are subjected to deuterium exchange, the spectra of 


[16] Chem. Abstr. 49, Subject index (1955). 
(17) A. Nararn, F. H. LonmMan and O. T. Quimpy, J. Am. Chem. Soc. 78, 4493 (1956). 
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the isolated salts show a decrease in intensity of the —-NH— band in this region, 
and the appearance of a new band, for —ND—, near 2350 em. 


Previously, the spectra of this class of compounds had been tentatively charac- 


terized as representing structure (1) by CorsripGEe and Lowe [2] on the grounds 
that: (a) absorption near 2700 cm~! was due to P—OH; (b) absorptions in the 
1400-1220 ecm! region were associated with a deformation mode of P—OH: and 
(c) that strong absorptions observed near 1200 and 900 em= could be attributed 
to a ring structure such as that found in the parent phosphonitrilic chlorides. 

Evidence for the P—OH group seems questionable, since previous spectra 
were obtained with samples that were hydrated and gave radiation scatter. 
Spectra of the anhydrous salts (Figs. 42—48) do not show the broad absorptions at 
2700-2560 em and 2500-1600 em! characteristic of P—OH; only two very 
weak, sharp absorptions have been resolved in the 2700 em= region, probably 
associated with overtone or combination vibrations. 

The medium-to-strong absorptions in the 1400-1220 em region (Figs. 41—55) 
are here related to the P—NH—P linkage, since progressive deuteration 
results in a decrease in intensity (Figs. 42-45) similar to that observed for the 
N—H stretch at 3140 em-. 

Further, it is believed that the strong absorptions at 1300-1200 em~ and 
900-850 em (Figs. 39-55) are related to the —P(O)—O~ group rather than to a 
ring structure. Comparison of the disodium dihydrogen tetrametaphosphimate 
(Fig. 51) with that of the completely neutralized tetra-sodium tetrametaphosphi- 


mate trihydrate (Fig. 52) establishes the assignment of: 


P—N at 1164, 1lOl4em~ = and N N— at 1224, 828 cm~ 


OH ONa 


for the disodium dihydrogen tetrametaphosphimate. 
The comparison of the infrared spectrum for the hydrate of sodium tetrameta- 
phosphimate with the spectrum of the disodium dihydrogen tetrametaphosphimate 


was utilized to place the 


ONa 


similar environments, i.e. similar hydrogen bonding. CorBrRipGE and 
Low® [2] observed a general shift of peaks below 1500 cm to lower frequencies 
upon hydration. The effect is strongly evident in the P(O)—O~ absorption, 
and is believed to result from hydrogen-bonding of the water molecules with the 
oxygen of the anions. Bretiamy and Brecuer [4] observed a similar shift of the 
P= stretching frequency in certain organophosphorus acids, undoubtedly as a 
result of hydrogen bonding 
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If the strong absorptions near 1200 and 900 cm were associated with the 
structure (II) ring P—NH—P, one would expect deuteration to produce a large 
shift to lower frequencies. Instead, a slight shift to higher frequencies is observed 
which can readily be explained as due to a decrease in the association of the 

—P(O)—O- group, hydrogen bonding. 


lable 4. Shifts due to deuteration 


Disappearing New 
Compound absorptions absorptions 


l ly 


(em em 


Tripotassium trimetaphosphimate 


* Beyond range of NaCl optics. 


There are other absorptions, however, which are believed to be related to the 
P—-NH—P linkage, since they show the calculated shifts to lower frequencies on 
deuteration (Table 4). The shifts 934 cm-! to 832 em and 888 em~ to 758 em—, 
or ratios of 1-12 and 1-17, respectively, are in approximate agreement with 
ratios of 1-03 and 1-04 observed by RANDALL ef al.[18] and Epsau and 
[19] for vibrations involving motion of the nitrogen and hydrogen as a unit when 
deuterium is substituted for the hydrogen, as in C—N and N—N bonds. 


Summary and conclusions 


sy using anhydrous compounds and mulling techniques, sufficient detail has 
been obtained in the 3200-2900 cm- region of the absorption spectra of these 
phosphorus-nitrogen compounds to clearly identify the N—H band in well 


characterized chain compounds and to show that the same band is present in ring 


compounds. This leads to the conclusion that, excluding the possibility of a small 


percentage of tautomeric form, these ring compounds, in the crystalline state, are 


in the imido (—P—NH—) form. Therefore, they should not be named “‘phosphoni- 


trilates’’ because of any similarity to their parent phosphonitrilic chlorides. 


[18] H. M. Ranpatr, R. G. N. Fusown and J. R. Dane Infrared Determination of Organic 
Structures pp. 12, 13 and 20. Van Nostrand, New York (1949 
J. T. and H. Scuerssere, J. Chem. Phys. 8, 520 (1940). 
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Abstract \ comparison of the infrared and Raman spectra of cyclopentanone and cyclopentanone 
4:%:% i, in licates that the doublet carbonyl! stretching band in the spectra of the former 


caused by an intramolecular vibrational effect, and does not involve conformational 


r dimolecular association These observations provide an interesting example of 


dependency of Fermi resonance coupling, and serve to emphasize that caution must 


ushing spectroscopr ally among these effects 


Introduction 
THe infrared and Raman spectra of cyclopentanone are notable for the two bands 
in the range 1750-1730 em~' which replace the single C—O stretching band 
commonly observed near 1740 em~! in the spectra of five-membered ring ketones. 
There is an extensive literature on this subject [1-10], but the various explanations 
proposed to explain this peculiarity need not be discussed in detail here, since they 
have been reviewed by Josren and collaborators 3). 

Most investigators have assigned the band at higher frequency to the C—O 
stretching vibration of the monomeric cyclopentanone molecule, while several 
dimeric structures have been advanced to account for the lower band on the 
assumption that it is derived from some form of association complex. SurtTaKka [8] 
has assumed hydrogen bonding between the oxygen atom of one cyclopentanone 
molecule and the z-methylene hydrogen atoms of another. Baker [1] supports a 
dimeric structure involving dipole association between the carbonyl groups of two 
molecules; a similar structure was advanced by Gray and Tasoury [9, 10], 
though Gray and Botrreav also considered a structure involving enolization [5]. 
Josten and collaborators [3] have rejected these explanations for various reasons, 


ss Contribution No. 5348 from the Laboratories of the National Research Council 


ch Council Guest Worker 
Council Postdoctorate Fellow 


Phys. Chem. 60, 1660 (1956 
him. France 8, 55 (1941 
HivuRDOGLU, M-L. Josten, J. Lascompe and E. VANLANDU YT, Bull. soc. chim 


mpt. rend. 225, 930 (1947). 
M. M. Borrreav, Compt. rend. 240, 2134 (1955). 
JONES and ¢ Sanporry, The ippl cation of Infrared and Raman Spectrometry to the Elucida- 
Structure. Technique of Organic Chemistry (Edited by A. Wreisspercer) Vol. IX, 
ience, New York and London (1956). 
is, Poitiers (1954). 
ETAKA, Gaz him tal 82, 768 (1952): J. Chem. Soc Japan 74, 318 (1953). 
J. Tanoury and E. Gray, Compt. rend. 234, 2181 (1952). 
J. Tanourny, Cahiers phys 10, No. 73, 24 (1956). 
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and have postulated an equilibrium between two conformational isomers. No 
specific structures were assigned to these isomers, but it was conjectured that one 


might be planar and the other non-planar. 

The possibility that the two bands result from a Fermi resonance in a single 
molecular specie has been proposed by Le Corrr [7], but this was rejected by 
Josten and collaborators because, in their view, it did not account for the strong 
solvent effects. However, recent studies of the infrared and Raman spectra of 
«:$-unsaturated lactones in our laboratory [11, 12], and of the infrared spectra of 


certain «:$-unsaturated cyclopentenones by Yates and collaborators [13, 14] show 
that Fermi resonance coupling can be very sensitive to solvent changes. 

We have now examined the infrared and Raman spectra of cyclopentanone- 
x:0:0':x'-d, (1) and the object of this paper is to show that these spectra strongly 
substantiate a Fermi resonance interpretation of the splitting of the carbonyl 


stretching band in cyclopentanone. 


Experimental 

cycloPentanone-z:«:«':z'-d, was prepared by stirring cyclopentanone (10 ml) 
with deuterium oxide (10 ml) containing dissolved sodium carbonate (0-1 g). The 
exchanged ketone was extracted with ether, and the solution dried over anhydrous 
magnesium sulfate. After removing the ether by distillation, the residue (7-7 ml) 
was purified by distillation under reduced pressure. The product had n,*” 1-4368 
(cf. n,*° 1-4370 for the normal compound). 

The infrared spectra were measured on a Perkin-Elmer model 112 spectrometer 
with a calcium fluoride prism, and on a model] 21 spectrophotometer with a sodium 
chloride prism. The Raman spectra were obtained on a Cary model 81 spectro- 


photometer exciting with the Hg 4358 A line. 


Results 

The infrared spectra of chloroform solutions of cyclopentanone and cyclo- 
pentanone-d,, as measured at a spectral slit-width of 2 em~!, are shown in Fig. 1. 
The complete infrared spectra of the liquid ketones, measured at lower dispersion, 
are shown in Figs. 2 and 3. The Raman spectra of the liquid ketones measured at 
a spectral slit-width of 6 em~! are shown in Fig. 4. 

Our infrared spectrum of cyclopentanone-d, agrees in general features with 
that described but not illustrated, by Strerrwreser ef al. [15] and the Raman 
spectra are consistent with the data reported by Rerrz [16] and by Sveraka [8]. 


_N. Jones and B. 8S. GaALLacuer, J. Am. Chem. Soc. In press. 

_N. Jones, T. Ivo. C. ANGEtt and R. J. D. Smiru, Can. J. Chem. In press. 

. Yates. N. Yopa. W. Brown and B. Many, J. Am. Chem. Soc. 80, 202 (1958). 

. Yares and L. L. WriuiaMs, J. Am. Chem. Soc. 80, 5896 (1958). 
A. SrreiTwieser, Jr., R. H. Jacow, R. C. Faury and 8. Suzvukt, J. Am. Chem. Soc. 80, 2326 (1958). 
A. W. Rerrz, Z. physik. Chem. 35, 363 (1937); Ibid. 38, 381 (1937-1938) 
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Fig. 1. Infrared spectra at high resolution (sp« ctral slit width 2 em=!, chloroform solution). 


A: cyclopentanone. B: 


CYCLOPENTANONE 


Fig. 2. Infrared spectrum of cyclopentanone (1 mm liquid film measured on Perkin-Elmer 
model 21 spectrophotometer with NaCl prism). 


TETRADEUTEROCYCLOPEN TANONE 


Fig. 3. Infrared spectrum of cyclopentanone-a:2:2':’-d, (conditions as for Fig. 2). 


Discussion 

From Figs. 1 and 4 it is seen that the splitting of the carbonyl band does not 
eceur in the infrared and Raman spectra of the deuterated derivative, and this 
must be accepted as a strong indication that the splitting in the spectrum of the 
normal compound is intramolecular and vibrational in origin. In the infrared 
spectrum of liquid cyclopentanone (Fig. 2) the carbonyl doublet is not resolved, 
but we know from previous work [6] that the lower frequency component appears 
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as a shoulder under higher resolution. The apparent half-width of the carbony! 
band in Fig. 2 is 33 em~ compared with 24 cm~ for that of the d,-derivative in 
Fig. 3. 

It seems most reasonable to attribute the splitting to Fermi resonance, and 
this could involve either a combination band or an overtone. In the infrared 
spectrum of cyclopentanone there is no band near half the frequency of the carbony! 


A CYCLOPENTANONE 
(LIQUID) 


CYCLOPENTANONE 
(LIQUID) 


| 


J \ \ MAA ANY Na 


« 


1700 1500 1300 00 900 #700 300 
RAMAN FREQUENCY Ay, cm™' 


Fig. 4. Raman spectra (spectral slit width 6 cm-'). Vertical lines indicate measured heights 
of the bands above the base line. The curve envelope is drawn to simulate the approximate 
band contours 


doublet, but in the Raman spectrum there is an extremely strong band at 889 em~, 
which Rerrz [16] assigned to the symmetrical breathing vibration of the ring 
(w' in his system of classification).* Doubling this frequency would place 2, at 
1778 cm~ and it would be necessary to assume an anharmonicity effect of about 
45 ecm~! to bring this vibration near to the position of the unperturbed carbony! 
stretching frequency. This is a large shift, but not excessive. In the Raman 
spectrum of the d,-derivative , occurs at 827 cm~', placing the pure harmonic 
overtone at 1654 cm~'; if the anharmonicity is not greatly changed by deuteration 


* Reitz’ system for designating the skeletal vibrational modes of the cyclopentanone ring, assuming 
C,, symmetry, is illustrated in Section 5 of his table on p. 376 of Z. physik. Chem. 35 (1937) 
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we would then expect 2, at about 1610 cm~', sufficiently displaced from the 
carbonyl frequency to destroy the resonance. We have looked unsuccessfully for 


a weak band near this position in both the infrared and Raman spectra of the 
d,-derivative. If this interpretation of the splitting is correct it must be assumed 


that 2m, “steals” most of its intensity from the carbonyl band (Rerrz’ w,) when 
resonance occurs. 

The Fermi resonance could alternatively involve a combination band, and, at 
least numerically, there are several possibilities. Considering first the Raman 
active bands, «, ow, at 1270 em~! and 472 em~! would give a combination band 
near 1742 em™!; @, — at 1023 em~! and 711 would give a combination 
band at 1734 em~!, while at 1152 could combine with a band at 583 
(not assigned by Rerrz) to give a combination band near 1735 cm~!. There are 
also the infrared active bands at 952 cm~! and 825 em=! which would produce a 
combination band near 1777 em~'. These are probably both out-of-plane C—H 
deformation vibrations (methylene rock) due respectively, to the a- and #- 
methylene groups, since the 952 em~! band disappears on deuteration while the 
$25 band remains. 

Application of the selection rules might offer some further choice among these 
numerical possibilities, but the planar D,, symmetry of the cyclopentane ring has 
heen questioned, both on spectrographic [17] and thermodynamic grounds [18] 
and if the ring is slightly bent a rigid application of the C,, symmetry selection 
rules to these overtone and combination bands of cyclopentanone in the liquid 


phase could be misleading. 


Conclusions 

These observations on cyclopentanone, together with other recent work on the 
spectra of «:j-unsaturated lactones [11], 12] and «:/-unsaturated cyclopentanones 
13, 14) demonstrate that the Fermi resonance coupling can be extremely sensitive 
to solvent effects. It has been pointed out by Herzpere [19] that the resonance 
perturbation depends not only on the separation of the unperturbed frequencies, 
hut also on a coupling term (designated W,,, by HerzBere) which is given essentially 
by the anharmonic terms of the potential energy. The normal frequency displace- 
ments associated with solvent effects no doubt play a part in determining the 
solvent sensitivity of the Fermi resonance effects, but the extreme sensitivity to 
solvent change, as illustrated by cyclopentanone in chloroform solution, may 
indicate that the solvent—solute interaction has a large effect on the form of the 
potential energy curve, producing large changes in the anharmonicity term. A 
detailed study of solvent effects on such Fermi resonances may offer a sensitive 
method of studying the mechanism of solute—solvent interactions. 

It is to be anticipated that these Fermi resonance effects will also be sensitive 
to temperature change, as a secondary effect of the temperature on the polarity 
of the liquid or solution. eycloPentanone has so far proved to be too volatile for us 
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to investigate it spectroscopically at elevated temperatures, but the temperature 
sensitivity of the carbonyl splitting effect in the infrared spectra of «f-unsaturated 
lactones is easily demonstrated [12]. In the spectrographic literature there are 
many examples of solvent- and temperature dependent-modifications of carbony! 
stretching bands that have been attributed to equilibria between conformational 
isomers, and such explanations have tended to be accepted without undue question 
where plausible isomeric structures can be written (as for example in ortho- 
halogenated acetophenones [20]). It has to be recognized that Fermi resonance 
“an give rise to very similar spectrographic behavior. In some cases Fermi 
resonance and chemical equilibria may be distinguished by appropriate selective 
deuteration which, as with cyclopentanone, may destroy the resonance. Also. 
where temperature and solvent sensitive effects on spectra are due to chemical or 
conformational equilibria, they should be observable in more than one region 
of the spectrum. 


Acknowledgement—-We wish to thank Mrs. M. A. MacKenzie for technical assistance with the 
measurement of the infrared spectra, and Mr. E. R. Horr of the Defence Research Board of 
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Abstract—The infra-red and Raman spectra of single crystals of K,[Cu(CN),) were studied. 


Ther vibrational analyses are discussed, in relation with crystal symmetry (Cy, and not D,) 


ind the fundamental frequencies are tentatively assigned. 


Symétrie des cristaux 

Le composé K,{Cu(CN),] se prépare en dissolvant le cyanure de cuivre dans une 
solution de cyanure de potassium en proportions correspondant a la formule. 
On le purifie par cristallisation. De volumineux cristaux rhomboédriques s’obtien- 
nent par évaporation lente, 4 18°C, des solutions dans l'eau. 

Cox [2] a déterminé le groupe de symétrie de ces cristaux au moyen des rayons 
X. Il leur attribue le groupe D,? et indique en méme temps qu’ils sont fortement 
pyvrocélectriques. Ces deux affirmations sont incompatibles; aussi avons-nous 
examine quelques propriétés de ces cristaux. Sous une épaisseur de 1 em, ils ne 
possedent pas de pouvoir rotatoire appréciable. La compression statique d'un 
cristal taillé en forme de parallélépipéde produit un effet piézoélectrique, si elle 
est dirigée suivant l'axe ternaire ou suivant une direction normale a l’axe ternaire 
et contenue dans un plan passant par une aréte 6. Elle produit un effet dix fois 
plus faible si elle s'exerce normalement a |’un des plans passant par |’axe ternaire 
et par une aréte 6*. Cet ensemble de résultats est compatible—comme la 
pvroélectricité, dont nous avons confirmé l'existence—avec un groupe OC, (3m), 


mais non avec un groupe dD ). 


Prévision du spectre de vibration 

Lion [Cu(CN),}®* doit avoir une configuration tétraédrique de symétrie 
car la liaison entre le métal et les groupes CN se fait par les orbitales sp* du cuivre 
monovalent. Le spectre de vibration de cet ion, le seul que doivent donner les 
solutions, comprend en principe neuf vibrations fondamentales: deux de type A,, 
deux de type E, quatre de type F,, une de type F,. Cette derniére est inactive en 
absorption et en diffusion. Toutes les autres sont actives en diffusion: les raies 
F.. le sont aussi en absorption 


Nous savons que le groupe de symétrie fini isomorphe du groupe infini du 
cristal est C,.; mais, ignorant le groupe infini, plusieurs hypothéses sur la symétrie 


propre des ions sont compatibles avec la présence de deux molécules dans la maille. 


I! faut que les ions [Cu(CN),)*~ aient un axe de symétrie ternaire; mais ils peuvent 


P. Marurev, J. phys. radium 17, 472 (1956 
aw et K. C. Wensrer, J. Chem. Soc. 780 (1936 
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avoir ce seul élément de symétrie (groupe de site C’,) et les deux ions de la maille 
sont symétriques l'un de l'autre par rapport a un plan: ils peuvent également 
avoir la symétrie C’,,, mais dans ce cas, les deux ions de la maille sont indépendants. 


J 


La symétrie C, se rencontre dans les groupes infinis C,,2, et La 
symétrie C,,, peut exister dans le groupe C,,'. Nous raisonnerons dans ce qui suit 
en admettant la symetrie propre C, des ions [Cu(CN),]*-: cela ne change rien, 
dans le groupe C,,, aux décompositions par cessation de dégénérescence: cela 


permet seulement aux vibrations des ions symétriques d’étre couplées. 


Tableau 1. Vibrations internes des ions [( u(CN), , 


Groupe de lion Groupe du site Groupe de la mail 


Tableau 2. Vibrations externes du cristal K Cu(CN),] 


Symétrie propre Vibrations externes 


Cu(CN), ‘ Translations Librations 


Le dénombrement et la classification selon le tvpe de symétrie des oscillations 
couplées, dues aux vibrations internes des deux ions complexes contenus dans la 
maille cristalline, se fait & l'aide de la table de corrélation (Tableau 1). 

Les vibrations de types A, et E du groupe C,, sont actives a la fois en diffusion 
et en absorption; les vibrations du type A, sont inactives. On doit cependant tenir 
compte de ce que les vibrations issues des vibrations inactives. dans le groupe 7’,, 
restent inactives dans le groupe C,,, a l’approximation d’ordre zéro. 

Deux classements sont possibles pour les vibrations externes, selon que les ions 
K occupent des sites de svmétrie CC. ou C;. Les prévisions sont rassemblées 
dans le tableau 2. 

Résultats expérimentaux 

Le spectre d’absorption infrarouge de K,[Cu(CN),], en solution dans l’eau 
et a l'état cristallisé, a été étudié avee soin par JoNEs [3], qui a proposé un classe- 
ment des fréquences de vibration, observées en fondamentales. ou déduites de 
fréquences de combinaison, ou encore tirées du spectre de Raman obtenu par 
CHIORBOLI [4] sur des solutions et des cristaux en poudre. 


H. Jony s. J. Chem. Ph ya. 29. 463 (19058 
Cnrorpou, J. Inorg. & Nuclear Chem. 8, 133 (1958 
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Nous avons repris examen des spectres de diffusion et d’absorption de solu- 
tions saturées et de monocristaux. Ceux-ci étaient taillés, pour l'étude de leffet 
en forme de parallélépipédes, dont deux faces étaient normales a l’axe 


Raman 
yptique OZ, deux autres A l'un des plans de symétrie et les deux derniéres paralléles 


& ce plan. Dans ce qui suit, OX désignera la normale au plan de symétrie. Les 
résultats indiqués ci-dessous on été obtenus sur deux cristaux préparés et taillés 
indépendamment. La détermination du facteur de dépolarisation des raies permet 
de les classer en polarisées (P) ou dépolarisées ())) dans le spectre des solutions; 
dans celui du cristal, en symétriques (4,) et doublement dégénérées (2). Les 


intensités sont notées qualitativement (F, m, f). 


Tableau 3 Spectres des solutions 


240 2 S00 2 


lableau 4. Spectres des cristaux 


120 135 


2079* 2084* 
A, 
f F 


360 (double) 2079 2002 


Le facteur de dépolarisation des raies de type A, doit étre nul pour les trois 
orientations principales du cristal (OZ paralléle a la direction d’éclairement Oz, 
& la direction d’observation Oy, a la direction Oz). Le facteur de dépolarisation p 


des raies de type FE doit avoir les valeurs suivantes: 


Direction ce 
Valeur de p 


Pour l'étude du spectre d’absorption infrarouge, le composé était en poudre 


cristalline dans le domaine spectral allant de 200 & 700 cm~! (prismes de CsI et de 
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Fig. 1. Spectre Raman d'un cristal de K,)Cu(CN),)}, 
OZNOs. basses et movennes frequences 


Fig. 2. Spectre Raman d'un cristal de K,{Cu(CN),|, 
OZ//Oz, basses et hautes fréquences 
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CsBr) [5]; en solution et sous forme d'une lame cristalline normale a l'axe, épaisse 
de 0.05 mm, dans la région 2000-2200 em~! (prisme de LiF). 

Fig. | représente le spectre Raman de basse fréquence du cristal, excité par la 
radiation / #358 A, dans le cas ot OZ//Oz. Fig. 2 représente le spectre Raman 
de haute fréquence, excité par 2 — 4047 A, dans le méme cas. 


Discussion des résultats 


Pour le spectre de Raman, nos résultats s’écartent sensiblement de ceux de 
CHIORBOLI: nous navons pas décelé les raies & 326 et 502 cm~! qu'il signale dans 
le spectre de la solution; par contre, nous avons trouvé un nombre de raies beau- 
coup plus grand dans le spectre du cristal. Dans l’infrarouge, nos résultats sont 
en bon accord avee ceux de JongEs. Nous avons pu, cependant, résoudre en trois 
composantes la bande a 300 em~! et obtenir des indices de la complexité de la 
bande a 362 em"! 

L’accord entre le spectre des fréquences supérieures & 200 du cristal 
Cu(CN),]*-. 


Le spectre de basse fréquence du cristal est du aux oscillations de translation 


et de la solution montre qu‘il s'agit des vibrations de lion complexe 


et de rotation des ions de la maille. Il doit cependant s'y trouver mélées les 
vibrations provenant de deux vibrations internes de lion complexe. Le grand 
nombre de vibrations externes prévues (13 ou 14 d’aprés le Tableau 2) et trouvées 
(10) rend hasardeux un classement de ces vibrations plus précis que celui en types. 
On peut toutefois remarquer que deux librations de type E prévues devant étre 
peu actives en diffusion, l'une des raies de type EL observées dans le spectre de 
basse fréquence doit provenir dune vibration interne de lion [Cu(CN),}*~. 

Le spectre des fréquences situées entre 2000 et 2100 cm~', 
de la vibration de tension de lion CN~(2080 em~! pour KCN en solution) mérite 
une étude particuliére. Dans le spectre de diffusion des solutions de K,{Cu(CN),], 


qui sont dérivées 


on trouve un doublet 2084-2101 em~'!, provenant du couplage de la vibration 
précédente entre les quatre groupes CN de lion complexe: ce couplage doit 
produire une vibration A, et une vibration F,. La premiére est 4 2101 em™, la 
seconde A 2084 em~!. comme le montre la polarisation des raies de diffusion et 
existence d'une seule bande infrarouge 2083 em~!. Dans le cristal, la fréquence 
simple A, donnera naissance, par couplage, A une raie de type A,, active en 
diffusion et (faiblement) en absorption, et a une raie de type A, inactive.* 
La fréquence triple F, donnera, par cessation de dégenérescence, puis couplage, une 
vibration A,. une vibration A, et deux vibrations E doublement dégénérées, 
actives en diffusion et en absorption. CHurorBoLi a dénombré seulement trois 
fréquences, faute d’avoir tenu compte des couplages. I] trouve trois raies Raman 
dans la région considérée du spectre (2071, 2076 et 2096 em 1) d’ailleurs toutes 
“dépolarisées’’. En fait, les résultats expérimentaux sont plus compliqués, comme 
on va le voir. 

Les vibrations A, et E du groupe fini C,,, sont, en effet, actives en diffusion en 


méme temps qu’en absorption. Il en résulte quelles produisent dans le cristal 


* Si lon admettait pou les ions [Cu(CN 
vibrations de ! 


,| la symétrie propre C,,, le couplage produirait deux 


5) A. Hipareo et J. P. Maruiev, Compt. rend, 249, 233 (1959) 
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des ondes de polarisation capables de subir des modifications de fréquence, suivant 
l'orientation relative du vecteur polarisation P et du vecteur d’onde k des ondes 
qui produisent la diffusion dans les conditions d’observation du spectre Raman 
[6]. Soit xO (Fig. 3) la direction d’éclairement du cristal, Oy la direction d’observa- 
tion. Oz la verticale. Le vecteur k est dans le plan horizontal, il bissecte l’angle 
Dautre part les vibrations A, ont un moment dipolaire M paralléle 
l'axe optique OZ du cristal; les vibrations £, un moment M situé dans le plan 
normal a OZ. La polarisation P, est dans tous les cas, paralléle 4M. Soit 4 l’angle 


Fig. 3. Orientation du vecteur donde k des ondes diffusantes dans le triédre d’ observation. 


de OZ avec k. Pour 6 0, les ondes A, sont longitudinales, les ondes E trans- 
versales; pour 9 = 90°, les ondes A, sont transversales, les ondes E peuvent avoir 
une composante longitudinale, [autre transversale. On voit qu’en passant du 
cas 6 — 0 au cas 6 — 90°, une vibration A, pourra varier de fréquence, une 
vibration E pourra cesser d’étre dégénérée. Le spectre de diffusion, étudié pour 
diverses orientations de l'axe optique dans le montage, a donné les résultats 


lableau 5. Influence de lorientation sur les fréquences de diffusion 


Orientation Fréquences de diffusion 


2081 200: 


2074 20%: 


suivants. L’étude en lumiére naturelle a été complétée par celle des spectres 
excités en lumiére polarisée, qui permet de séparer des raies de types différents, 
méme voisines. 

Le cliché de Fig. 2 correspond au cas ot # = 90°. 

On trouve seulement quatre raies dans tous les cas, comme le prévoit la 
théorie dans le cas ou 9 = 0. La raie A, A 2093 cm a une fréquence fixe, quelle 
que soit l’orientation du cristal, ce qui montre qu'elle est dérivée de la vibration 


1, inactive en absorption dans lion complexe libre. La fréquence de la seconde 


6) H. Pou.ert, Ann. phys 10, 908 (1955 
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vibration A, augmente lorsque 4 passe de 90° & 0°, conformément a ce qu’on 
a toujours observé [6]: laccord entre la fréquence observée pour cette vibration en 
diffusion lorsqu’elle est transversale (2074 cm~') et en absorption (2075 em~') 
est satisfaisant. Les deux raies E ne montrent pas de dédoublement appréciable 
lorsque @ croit de 0° & 90°, On observe des variations de leurs fréquences, sans 
que l'on puisse suivre ces variations pour chacune d’elles. Leur facteur de dépolari- 
sation ne suit pas bien les prévisions théoriques pour les cristaux ternaires [7); 
mais il se peut que deux vibrations de méme type et de fréquences trés voisines se 


perturbent mutuellement. 


Les fréquences fondamentales de {Cu(CN),|° 

Une attribution de ces fréquences a été faite par Jones [3] sur la base de ses 
propres résultats et de ceux de CHIORBOLI; nous avons vu que ces derniers prétent 
a critique. 

Il n'y aucune hésitation sur le type des deux raies de haute fréquence: 2100 
(A,) et 2084 (F,). 

La forte activité en infrarouge des fréquences a 300 et 365 cm~' leur assigne 
le type F,. La premiére donne, dans le spectre d’absorption du cristal, le triplet 
prévu par la théorie (Tableau 4); la seconde montre des signes de complexité, sans 
que sa résolution ait été obtenue. Au voisinage de chacune d’elles existe un doublet 
dans le spectre de diffusion du cristal. 

La derniére fréquence de type F, doit étre basse. Nous ne l’avons pas trouvée 
dans le spectre de la solution (on verra ci-dessous que la raie & 62 cm~! doit étre 
d’un autre type); le spectre du cristal est si riche en raies externes que son étude 
ne permet pas de déterminer la fréquence cherchée. 

La raie RAMAN A 240 cm", inactive en absorption, est de type FZ; elle reste 
simple dans le spectre du cristal. La deuxiéme fréquence de type £ doit avoir une 
valeur faible: Jones la situe vers 63cm! d’aprés d’éventuelles combinaisons. 
Nous avons observé une raie & 62 cm~! dans le spectre de la solution; les remarques 
faites, dans la discussion des résultats, sur les raies £ de basse fréquence du cristal 
montrent qu'il est vraisemblable que cette fréquence se trouve a 65 em~'. 

N’ayant pas retrouvé dans nos spectres la raie & 502 em~! indiquée par CutoR- 
BOLI, l'‘attribution qu’en propose JONES, comme deuxiéme harmonique de la vibra- 
tion inactive de type F,, ne nous parait pas devoir étre retenue. Toutefois, on 
peut remarquer que la bande d’absorption située vers 225 cm~', si on l’attribuait 
a la fréquence F, devenue faiblement active dans le cristal, ainsi que le permet la 
symétrie, aurait une fréquence de l’ordre de grandeur admis par JONEs.* 

Nous n’avons pas su identifier avec certitude la seconde fréquence de type A,, 


que l’on peut représenter comme une pulsation du tétraédre. Faisant exception a 


la régle, cette vibration ne donne jamais la raie la plus intense dans le spectre de 
diffusion d’aucun cyanure complexe [8]. La raie A, & 293 cm~! du spectre du 


* Une autre hypothése concernant la bande 225 cm~'! serait de la regarder comme la combinaison 
différentielle F 200 65 em~ 
7) J. P. Marurev et L. Couture, Compt. rend. 234, 1961 (1952). 
8) J. P. Marurev et 8. Connevin, J. chim. phys. 36, 271 (1939); J. P. Marae et H. PouLet, Compt. rend 
248, 2079 (1959). 


H. Pou et J. P. Maruret 


cristal doit étre issue d'une raie F, de lion, d’aprés ce que montre le spectre d’absorp- 
tion. Il semble qu'il en soit de méme de la raie A, a 350 cem~'. En tous cas, le 
spectre de diffusion des solutions ne montre pas, dans ces deux régions, de raie 


distincte polarisée. 
Nous sommes ainsi conduits au classement suivant des fréquences fondamentales 


de lion 'N),] 

Type A, A, 

Fréquence: 2100 240 65 2084 365 300 

Ces attributions sont différentes de celles de Jones: elles sont aussi moins com- 
plétes, mais reposent uniquement sur la détermination directe des données expéri- 


mentales actuellement bien établies. 
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A device for recording time-resolved spectra from 
pulsed discharges of long duration 


J. McK. Nopss 


Australian Defence Scientific Service, Defence Standards Laboratories, Department of Supply, 
Adelaide, South Australia 


(Received 2? June 1050) 


Abstract—An apparatus is described by means of which time-resolved spectra are recorded from 
pulsed discharges of up to 10 msec duration. The apparatus is used with either photographic 
or photoelectric recording. Resolution time obtained from the apparatus lies between 80 and 


620 wsec and can be varied over this range in four steps. 


1. Introduction 

IN RECENT years, a number of investigations into spark discharge characteristics, 
involving the use of time-resolved spectroscopy, have been reported. These 
investigations, which include the work of SrersHavus, Crosswuire and Dieke [1,2], 
and that of Barpécz and Varsany1 [3], have provided useful information on spark 
gap phenomena. In particular, with regard to analytical applications, it has been 
shown that improvements in the analytical characteristics of spark discharges can 
be effected by recording only certain phases of each spark pulse. 

In these laboratories, a number of investigations have been undertaken into 
the spectral characteristics of pulsed discharges with durations in the range of 
0-1—40 msec [4,5]. The results reported on spark discharges suggested that time 
resolution studies might be advantageously employed for some sections of this 
work. In particular it was hoped that they would be suitable for investigating the 
influence of pulse shape on some spectral characteristics, principally sensitivity of 
detection of impurities in metals and alloys. Relative to this, apparatus suitable 
for recording time-resolved spectra from discharges of from 1 to 10 msec duration 
was investigated. 

2. Resolution requirements 


Previous work in this field has been confined almost entirely to high-voltage 


spark discharges of less than 50 ywsec duration, for which the resolution required 


has been of the order of | usec. For the investigation of analytical characteristics 
this resolution has been obtained by means of synchronous rotating mirrors [3,6] 
and electronic time switches | 2]. 

For discharges with durations of | msec and longer the resolution required is 
of the order of 100 usec and either of the above methods could be adapted for work 
in this range. However, consideration of alternative methods showed that a 


[1| H. M. Crosswuarre, D. W. Srersnaus and G. H. Diexe, J. Opt. Soc. Am. 41, 299 (1951). 
[2| D. W. Srermvnavs, H. M. Crosswurre and G. H. Dieke, Spectrochim. Acta §, 436 (1953 


[3| A. Barpoécz and F. Varsanyi, Nature 177, 222 (1956). 
[4| D. A. Srnexair, J. Opt. Soc. Am. 39, 958 (1949). 
5) J. MeK. Nopps, D. A. Sryciarre and R. N. Wuirren. Spectrochim. Acta. In press 


[6] A. Barpécz, Appl. Spectroscopy 11, 167 (1957). 
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sector synchronized with the discharge would give adequate resolution 
simpler to construct. 


Two methods involving sectors have been published. Detyum and pe Borr {7] 
emploved a rotating disk, 


which contained a single slot 0-5 mm wide. set at an 
ungle of 45° to the spectrograph slit, to resolve spark spectra with a resolution time 
rotating disks, n 


More recently STRASHEIM [8] has used an apparatus consisting of two 
iounted 
resolutions of the 


one above the other to resolve a.c. are spectra with 
order of 200 usec. 


\ 


TS FOR PHOTOTRANSISTOR 


ort 


The apparatus de eloped in these laboratories consists of a single disk in which 
ber of slots have been cut to form the design shown in Fig. 1 
sin 

of 50 rev/sec 


The disk 


t of the spectrograph slit and is driven by a synchronous motor at a 


With the leading edge of the first slot, of a particular sector of the disk, syn 
ized to pass the spectrographic slit at the initiation of a pulse, passage of the 
ving 


slots then pre gressively exposes adjacent sections of the slit The 
spectrum is a series of steps, each step corresponding to the emission of 
different time intervals of the pulse 
lhe four series of slots, grouped in sectors 


A, B,C and PD permit optimum 
ing and resolution times to be chosen according to the duration of the pulse 
lution required 
ire listed in Table 1. 


The seanning and resolution times provided by the 


isked 


r the high resolution of any particular interval of a long duration pulse, a 
sectors ber 


ver of exposures are made at different time intervals using sector )), the other 


» 
7) H. W. Deo und 
8) A. STRAsHEIM 


& 


Details of the optical conditions used with the disk, when photographic recording 
of the spectra is employed, are given in Table 
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spectra from pulsed discharge of long duration 


labk 


timne 


lable : 


Spectrograph Hilger KE 492 Littrow 
Slit 16 (+02 mm 
Distance source to slit $5 em using a quartz lens of Fd 12 em to 
colluma 
Exposure tirne In the range 20 sec to 3 min according t 
charge and Spectr im line density require 
between 0-05 to 12 W see. 
Plates .odak (Aust Orthochromatic Emulsion. 
Source Usuall flat surface metal cathode against conical graphite 
anode Pulsed discharges obtained from Pulsed Are Source 
Unit [0 


Discharge frequency 50 pulses/ses 


3. Time-resolved spectra obtained 

Fig. 2 shows some typical spectra obtained with the disk. The pulses used were 
of 20 A peak current and 4 msec duration and the resulting spectra were resolved 
with sector B of the disk. As shown in Fig. 2 three types of pulses with different 
current wave-forms were used to excite the spectra: (a) was sinusoidal, (b) semi 
rectangular and (c) exponential. The arc was between a copper cathode and a 
graphite anode, with an are gap of 6 mm. 

The results of an investigation into the effect of pulse shape on the spectral 
characteristics of pulsed discharges will be fully described elsewhere. However, it 
is interesting to note from the spectra shown that the light output from the are 
follows the current curve but lags behind it. There is also a pronounced afterglow. 


4. Synchronization of scanning disk and discharge 
The discharges being investigated by means of time-resolution methods are 
low-voltage pulsed ares, initiated by low-powered rf. trigger sparks. Three methods 
of generating the trigger sparks have been investigated with regard to their 
stability over normal exposure times. Initially the circuit published by ScoxcLarr 


[9] was used. In this circuit a synchronous motor drives a rotating spark-gap which 
is inductively coupled to the are gap. More recently an electronic circuit, using 
either a multivibrator or pulse from a photocell to trigger the system, has been 


employed. 


[9] D. A. Stncvair, J. Opt. Soc. Am. 38, 547 (1948). 
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When using the rotating spark-gap, both the motor driving the spark-gap, and 
that driving the scanning disk, are running at synchronous speed controlled by the 
mains frequency. The position of the disk, relative to the spectrograph slit, at the 
time of initiation of the discharge, can be adjusted by altering the phase of one 
motor with respect to the other. The method used here for adjusting the phase 
angle is to have one motor mounted to that it can be rotated about the axis of its 
shaft. Alternatively an electrical phase-shifting device, similar to that described by 
STRASHEIM [8] could be used in the circuit of one motor. 


RFT trequency transformer 
RFC Rede frequency chose 


AG Anotyticn! gee 


Sport gop, O25 electrodes 
i Onme 


Cepecity M creftereds 


Fig. 3. Schematic diagram of electronic circuit used to obtain synchronized trigger pulses. 


The two electronic circuits employed for the generation of trigger sparks are 
shown in Fig. 3,in which the circuit around the 813 valve is common to both. 

In one circuit a multivibrator is locked to the mains frequency. Alteration of 
the phase of the trigger pulse with respect to the disk is made either by using ¢ 
phase-shifting device on the input to the multivibrator or, as with the rotating 
spark gap, by rotating the motor driving the scanning disk. 

In the second circuit the trigger circuit is fired by means of a pulse from a 


phototransistor which is energized by light passing through a slit cut in the periphery 


of the scanning disk. The mirror and phototransistor are mounted on a 
common moveable arm which can be rotated about the axis of the motor shaft. 
The movement of this arm therefore alters the position of the disk at the time of 
triggering. 

Adjustment of the phase angle between the discharge and scanning disk, so 
that a particular sector of the disk is in line with the optics of the spectrograph at 
the initiation of the discharge, is effected stroboscopically, using a short duration 
(20 usec) pulsed are to illuminate the disk. Using this method, the accuracy of 
alignment is limited only by the fluctuation in synchronization arising mainly from 
instability of the trigger spark gap. 

Tests on the accuracy of synchronization, as obtained with the three systems, 
have been made using the disk shown in Fig. 4. This disk contains a single slot 
(1 mm wide and 12-5 mm long, cut at an angle of 15° to the spectrograph slit and 
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A device for recording time-resolved spectra from pulsed discharges of long duration 


was driven by the synchronous motor. The phase angle between this disk and the 
discharge circuit is adjusted so that ignition of a short duration spark (3 usec) 


takes place when the centre of the slot coincides with the spectrograph slit. 


The time-resolution obtained is 6 usec, corresponding to a spectrum length 


of 04mm. The accuracy of synchronization or spread about the mean triggering 
time, can therefore be determined from the length of a spectrum line recorded from 
the discharge and the relative intensity of the line along its length. 

To obtain a spectrum of measurable density, a discharge between zine and 


SPECTROGRAPH SLIT 
SLOT 
\ 


\ 


SLIT FOR ILLUMINATING PHOTOTRANSISTOR 


Fig. 4. Scanning disk for testing accuracy of synchronization, 


graphite was used with an exposure time of 3 min. The spectrum is therefore an 
integration of light from 9000 pulses. By measuring the density of a line at 0-2 mm 


intervals and converting the readings to intensities, it has been possible to deter- 
mine: (1) the total intensity of the light, at a particular wavelength, passed by 
the disk, and (2) the distribution of intensities along the length of the spectrograph 
slit. If it is assumed that one pulse emits monochromatic light of unit intensity, 
and that the total intensity recorded is from 9000 pulses, the distribution, in terms 
of numbers of pulses, about the mean triggering time can be calculated. 

Fig. 5 shows the distribution curves obtained from measurements made on the 
zine line at 3345 A. Assuming normal distribution, the standard deviations about 


the mean triggering time were calculated to be: 


(a) synchronous spark gap 11-0 usec; 

(b) multivibrator 6-4 usec; 

(c) phototransistor 4-9 usec. 

These results were obtained using the optimum value, found by experiment, 
of capacity (0-002 uF) and length of spark-gap (5 mm) in the trigger spark-circuit. 
With higher capacities and both shorter and longer spark-gaps the standard 
deviations obtained were significantly higher. 

Possibility better synchronization might be realized with irradiated or air- 
quenched spark-gaps, but the order of accuracy obtained with the systems B and C 
described above is well within that required for the shortest time-resolution 


expected from the disk. 
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DEVIATION FROM MEAN TRIGGERING TIME : MICROSECONDS 
Fig. 5. Distribution Curves showing the accuracy of synchronization obtained with different trigger 
| ilse circuits (total number of pulses O00). 
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Fig. 6. Disk and slit diaphragm for direct-reading time-resolved spectroscopy. 


5. Application in direct-reading apparatus 

The disk method of obtaining time-resolved spectra can also be used when 
photoelectric recording of the spectrum is employed. 

For this method of recording, two discs each containing a single slot with an 
angular width of IS” ( | msec), as shown in Fig. 6(a), are mounted together on 
the shaft of a synchronous motor to form a variable aperture. The time-resolution 
is determined by the angular width of the slot. The time-interval recorded by the 
spectrometer can be continually adjusted over the duration of the pulse by 
rotating the synchronous motor with respect to the spectrograph slit. The angle 
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A device for recording time-resolved spectra from pulsed discharges of long duration 


through which the motor is rotated is shown by a pointer on a scale marked in 
msec, with the position of the disk at initiation of the discharge set at zero. 

If the optical system of the spectrograph and electric recorder is uniformly 
illuminated by the discharge, a multi-slotted disk (Fig. 1) can be employed 
in conjunction with a stepped diaphragm, of the design shown in Fig. 6 (b). 
The diaphragm is mounted in front of the spectrograph slit in place of the 


normal wedge. Time intervals can then be selected by movement of the diaphragm 


across the slit. This system transmits less light than that employing the single 
slot since only a fraction of the total slit-length is used. Furthermore it is difficult 
to obtain uniform response from the recording system over the whole of the slit- 
length without the use of a diffusing mechanism, which again reduces the sensi- 
tivity. However, it has been used in the investigation of strong lines in a spectrum, 

As with other time-resolution apparatus using photoelectric recording it has the 
disadvantage of requiring replicate arcings to cover the whole time range when 
integration of the light output from a number of pulses is desired. This dis- 
advantage is outweighed by the rapidity with which a large number of line/line 
intensity ratios can be recorded. However, for the determination of sensitivity of 
detection of impurities photographic recording of time-resolved spectra is preferred. 
Acknowledgement—This paper is published with the permission of the Chief Scientist, Australian 
Defence Scientific Service, Department of Supply, Melbourne, Australia. 
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Infra-red spectra of nitric oxide adsorbed on 
transition metals, their salts and oxides 


A. TERENIN and L. Rory 
Institute of Physics, Leningrad University, U.S.S.R. 


( Received 4 July 1059) 


Abstract Infra-red absorption bands have been recorded of NO molecules, adsorbed on Fe, Ni, 
Cr metals and their sulphates finely dispersed on a Al,O,-gel, and also of NO molecules 
ved on Fe gOg-, CreOg-ae ls and on NiO powder. The observed vibration spectra could be 

»a diversity of the valency states of the NO molecule, interacting with different kinds 


orption sites on the surface 
‘or Fe dispersed on ZnO, NiO, Al,O,- and Fe,O,-gels it was found that the support influences 
the spectrum of NO bound to the iron. Similarly, judging from the spectrum, the support 
AL,O,- or Fe,O,-gel) modifies the sites in ZnO and NiO dispersed on them, on which NO is 


bemg adsorbed 


THE extensive study of the infra-red spectra of adsorbed gas molecules in this 
laboratory. dating from 1940/1 7 | has led in recent vears, to the investigation of 
the behaviour of adsorbed NO. This simple diatomic molecule revealed a remarkable 
sensitivity of its vibration frequency to the type of its binding to different 
adsorption sites on the surface of various adsorbents [8]. NO can easily be 
transformed into a nitrosonium ion NO~ in the presence of an electron acceptor 
and then exibits a considerable increase of the vibration frequency (from 1876 in 
the gas to 2000-2400 em~') |9 It can attach an electron from a donating agent 
and be transformed into a negative anion NO~ possessing a vibration frequency in 
the range 1000-1100 em~'. Moreover, NO can enter into covalent or co-ordinating 
bonds of different type and strength with transition metal atoms and cations, 
which is also reflected in the magnitude of the vibration frequency [10]. 
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in the working range of 3000-1200 em™! can be obtained with non porous very finely grained 
powders of SiO, or Al,O,, impregnated with the metal salt, which is subsequently reduced to the 
metal. 

The method of obtaining the metal Fe, Ni, Cr in the disperse state utilized in this work was 
the same as used in this laboratory a long time before [ 1), viz. by adsorption of the corresponding 
metal carbonyl vapour on a gel, transparent in the infra red, and its subsequent thermal 


decomposition at 150° in vacuo. As support we used here an alumina gel with a specific surface 


of 300 m?*-g~!. This method has been previously used for Ni in a study of the absorption spectrum 


of CO on Ni, which led to a result similar to that of ErscHens and Puusken [12 

Iron has been also dispersed by the same method on the surface of ZnO, NiO and the 
Fe, ),-gel in order to study the influence of the support. 

rhe spectrum of NO adsorbed on Ni samples, obtained by our method was identical with 
that when the adsorbent was powde red NiO reduced in hydrogen. The reduction by hvdrogen of 
the oxide could not be used in the case of Cr. 


(b) Salt sam ple 8 


The low specific surface of ery stalline salts pret luded their direct utilization for an infra red 
absorption study. Therefore disperse salt particles (sulphates, or nitrates) were similarly deposited 
on the alumina gel by immersion (from 5 to 10 hr) into an aqueous solution of the salt. The 
gel was afterwards dried first in air at 100°C and finally in vacuo. as described below. The 


content of the salt in the gel varied from 5 to 20 per cent by weight 


(ec) Oxide sam ple 


Gels of ferric and chromic oxides have been used with a specific surface of 100 m*/g 
difference could be found in the spectra of NO adsorbed on the chromic oxide gel, or on ¢ PO. 
powde r, obtained by burning ammonium bichromate. Samples of NiO have been obtained by 
thermal decomposition of nickel nitrate at 300 and 800°C. The freshly prepared samples 
possessed a sufficiently high specific surtace tor absorption measurements of adsorbed gases 

\ mull of the powdered samples in water was deposited as a layer on a fluorspar plate. The 
thickness of the layer corresponded to 5-15 mg/cm? The transmittance of such samples at 
2000 em”! did not exceed 5 to 8 per cent of the incident light flux. Wide slits 10-20 em! had 
to be used in this case and therefore the positions of the band maxima could not be more precise 
than 5em™! 

In the experiments with combined and supported oxides an alumina—ferric oxide gel (33°, 
Fe Al,O, and an alumosilica-gel ALO, 30°... S10, 70°.) have been used The ZnO 
and NiO were dispersed on the surface of alumogel and ferrigel by thermal de mposition of the 
corresponding nitrates. Their content was 5-10 per cent by weight in the case of alumog 
and 10-15 per cent in that of ferrigel. The spectrum of adsorbed NO did not change on vat 
the content of the oxides from 5 to 20 per cent 

Measurements have been carried out in the range 1LOOO-2300 em! with 
recording spectrometer IKS-11 with a NaCl prism Ihe sper tral curves given bek 


ratio where 


Each trum has be+ n obtained ral times with rood re prod ibility 


g 8 the transmittance of the sample before, and J after the adsorption 


The degassing of the samples has been performed for 3-4 hr at 150°C ina vi 
mm Hg. After the samples had cooled down to room té mperature the spectral 
recorded, then nitric oxide gas was admitted at a pressure of 20mm and the spectral 
mittance curve J recorded, No spectrum of gaseous NO was observed with the same 
this pressure. For Fi as and CryO, samples the adsorption of NO at 150°C was also 
without noticing any chang comparable to the adsorption at 20° 


12 \. Terentn, Problems of Kinetica and Catalysia (Ce 


@ 
rans 
| ut 
Acad. Sci. of U.S.S.R.. 1958) Vol. X. (1959). 
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Results 


Adso ple non metals 


Fig. | (curve 1) shows the spectrum of NO molecules adsorbed on iron, dispersed 
on alumina cel, A very intense absorption band 2008, together with feeble ones 
at 1805, 1735, 1698, 1660 and 1625 can be seen. When the gas is pumped off 
in vacuo of 10-* mm Hg during 30 min at 20°C, the band 2008 disappears completely, 
whereas the other bands hardly change (curve 1’). When the temperature is raised 
up to 150°C under continuous pumping and freezing out of the gas the two bands 
1735 and 1805 disappear at the end of | hr. The three bands 1698, 1660 and 1625 
disappear only after further evacuation and heating up to 350°C, 

On the same figure the spectra of NO, adsorbed on Ni (curve 2) and Cr metal 
(curve 3) are shown. Both spectra have been obtained after 10 min adsorption 
of the gasat 20°C. Similarly with the case of iron, bands at 1735, 1698 and 1625¢em~! 
are observed, which coincide for all three adsorbents within the precision limits. 
In the range of frequencies above 1800 em~! there are considerable differences 
from the spectrum of NO adsorbed on Fe, viz. for the adsorption on Ni the very 
intense band is at 1850, instead of 2008, for that on Cr a series of bands approxi 
mately equal in intensity at 1830, 1905 and 2010 cm! is present. Under long 
evacuation of the NO/Cr adsorbate at 20°C the band 2010 disappears and the 
bands 1905 and 1830 are decreased in intensity. Their complete removal occurs 
only after some heating, like that for the 1850 band on Ni. 


Adso plion on oxides 


Spectra of NO molecules adsorbed on Fe-, Cr- and Ni-oxides and also on 
Al,O, and m0, gel. which served as supports have been obtained. A detailed 
description will be given here for Fe,O, gel only, the other spectra will be given 
in a diagram below. 

In Fig. 2 the spectra of NO on Fe,O,-gel shows that when the gas is in contact 
with the adsorbent (curves | and 2) the band number does not change, but the 
bands 1865, 1806 and 1770 increase. On the removal of the gas by evacuation and 
freezing out, the bands 1865 and 1770 disappear, and the bands 1806, 1738 are 
relatively decreased in intensity (curve 3). Curve 4 has been obtained after 
desorption at 150 ¢ The dashed vertical lines below show the position of the 
absorption bands of nitric oxide dimers [13]; therefore, the bands 1865 and 1770 
belong evidently to dimeric (NO), molecules formed in the pores of the ferric oxide 
gel; their easy removal under evacuation and the absence of a shift points to a 
van der Waals type of adsorption. 

When oxygen (200 mm Hg) is admitted to the adsorbate in the state, depicted 
by curve 3 (Fig. 2), the spectrum is drastically changed, as shown in curve 5. The 


bands 1927 and 1806 disappear and a very broad intense band 1620 cm~! appears. 


After the removal of oxygen, the spectrum of curve 4 is restored. 
In the diagram of Fig. 4 it can be seen that the bands 1625, 1660 and 1698 
almost coincide for all the oxides having adsorbed NO, including Al,O, and SiO, 


gels. These bands belong to NO molecules chemisorbed L on O. On the contrary, 
13) A. L. Surra, W. E. Kevrer and H. J. Jounstron, J. Chem. Phys. 19, 189 (1951). 
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Infra-red spectra of nitric oxide adsorbed on transition metals, their salts and oxides 


the bands above 1800 cm~! appear only for the oxides of the transition metals. 
and their number and position depend on the metal. In the sequence from NiO 
to Cr,O, the band number increases correspondingly to a decrease in the number 
of d-electrons in the metal atom. 

For NiO as a powder, without the support, the position of the NO band is 
nearly the same as in the supported oxide (Fig. 3). 


NOAr 


¢ 
E 


ronsrmussion 


om 


Fig. 1. Infra-red spectra of NO adsorbed on transition Fig. 2. Infra-red spectra of NO adsorbed on Fe,O,- 
metals, supported on alumogel. Curve 1, on Fe at 20°C; gel. Curve 1, after 30 min adsorption at 20°C; 2 


l’, on Fe afte desorption at 20°C; 2, on Ni; 3, on Cr. after 12 hr adsorption at 2 ; 3, after desorption at 
20°C; 4, after de sorption at 150°C; 5, upon oxygen 
admission for the initial curve 3 


Adsorption on salts 


The metal ions in the salts have been selected in respect to the number of 
d-electrons. Owing to the instability of salts with one, two or four d-electrons, 
respectively, in the metal cation, these could not be investigated. The nature of the 
anion does not matter, since the spectra of NO, adsorbed either on the sulphates, 
or on the nitrates of Ni and Cr were alike. All the spectra are given in the diagram 
of Fig. 5. On the right the electronic configuration in the d-orbitals of the cations 
are given. Bands below 1800 cm~! are observed for all adsorbents and practically 
coincide. They are due to the supporting gel. 
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Bands above 1800 cm~! markedly differ for different adsorbents. It can be 
inferred from the diagram that there is one band of adsorbed NO in this range when 
the number of d-electrons in the cation is even, and three bands with an uneven 
number. A comparison of the relative intensities of these latter bands in the case 
of Co®* and Mn®>, shows that two of them dominate. 

When NO is desorbed under evacuation at 20°C the bands above 1900 em~! 
disappear rapidly; for a removal of the bands in the range 1800-1900 em! a 


2000 800 
cm 


Fig. 3. Infra-red spectrum of NO adsorbed on NiO powder at 20°C, 


heating at 50°C in vacuo is required; the bands below 1800 em7! disappear only on 


heating the sample in vacuo up to Looe, 


Discussion 

The vibration frequency of the neutral NO molecule in the gaseous state is 
Is76cm~. The frequency of the nitrosonium ion NO~ in complexes is higher, 
owing to the removal of the anti-bonding electron from the bond NO. 

Accordingly, frequencies of NO molecules higher than 1900 em~! are to be 
observed when the following bond types occur with the adsorbent surface 
(symbolized by a square bracket): 

INO (ionie bond) 

x 
.| or —]:N=0 


In case (2) the electron is only partially transferred to the adsorbent, and 
therefore, the shift to higher frequencies will be less than in case (1). 
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A covalent bond of NO with the surface can be achieved according to the 
following three possibilities: 
(3) 


(4) 
|:NO (5) 


For these types of binding the frequency of NO must fall into the range 1870- 
1700 cm~? where the double bond frequency between N and O is known to occur 
[14, 15). 

For the NO~ ion the frequency is situated at 1000-1100 em-! [16], which was 
not observed by us neither for the metals, nor for the salts and oxides. 

It is interesting to notice that in spite of a feeble binding by the adsorbent, 
as judged from the easy desorption, the NO molecule nevertheless experiences a 
considerable change of its electronic configuration, reflected in the large shift of 
the vibration frequency amounting to 200 cm~', or 10 per cent relative change. 


Adsorption on metals 

The bands below 1700 cm~! in the spectra of NO adsorbed on metals, are due 
to the support and will be treated below. As described above, the dominating 
band of NO on Fe is 2008 em~! (Fig. 1) which characterizes an ionized state of the 
molecule, and therefore the types of bonding (1) or (2). The easy removal of this 
band on evacuation shows that this kind of chemisorption on Fe is a feeble one. 
In addition to this type, other ones also occur as shown by the presence of bands at 
1805 and 1735 (Fig. 1) characteristic for a double bond between N and O. Since 
the same bands are present when NO is adsorbed on the Fe,O,-gel, it could be 
presumed that the iron was partially oxidized. Our method of preparing disperse 
iron in vacuo excluded, however, its oxidation; hence there remains only the 
possibility of the formation of an oxide of Fe by the supporting alumina gel. 

The predominant chemisorption of NO on nickel must be of a covalent (3). 
(4), or co-ordination type (5), since the bands 1735 and 1850 (Fig. 1) belong to a 
double bond. 

In the case of Cr there are several types of bonding of NO with the metal. 
The band 2010 indicates the presence of a nitrosonium ion NO*, the bands 1905 
and 1830 can be accounted for by the types of bonds (2) or (4). The band 1735 
is probably due to a covalent chemisorption (3). 

Table 1 summarizes the assignment of the NO vibration frequencies to definite 
types of bonding. 


Adsorption on oxides 


. 


A comparison of the curves 1, 3 and 4 in Fig. 2, helps to discriminate between 
two band groups, which behave differently on desorption from Fe,O,-gel. The 
group of bands above 1700 cm~' can be removed at 150°C, whereas the group 
below 1700 cm=! disappears at 350°C only. Similarly oxygen acts only on the 


[14] W. G. Burns and H. J. Bernsrery, J. Chem. Phys. 18, 1669 (1957). 
[15] D. W. Macnuson, J. Chem. Phys. 20, 380 (1952). 
[16 L. N. SHort, Rev. Pure and Appl Chem. (Melbourne) 4, 41 (1954). 
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former group. This indicates that these two groups belong to NO molecules, 
adsorbed on two different kinds of adsorption centres. The bands 1700, 1665 and 
1625 of chemisorbed NO are presumably to be ascribed to a covalent linkage of 
NO with oxygen atoms of the adsorbent. In fact it follows from Tarre’s data 
17], that in the range 1690-1610 cm~! the absorption bands of the —O—N—O 


lable 1. Assignment of observed vibration frequencies of adsorbed NO 
to different types of bonding 


Metals Oxides Sulphates 


2010 


1900, 

Fe,O,):NO 1805 ‘ot -N=O} 1805 
NiO}:NO 1805 5920, 
N—O} 1830 


Fe,05] -NO 1850 
NiO}—NO 3: Fe2+:NO 1850 
NO 

Ni? N=O 

Fe? N=O 1735 


The surface of the solid is designated by a square bracket. 


group are situated. Moreover, bands in the same range have been observed by us 
when NO was adsorbed on different metal oxides (Fig. 4). 

The bands with frequencies above 1700 cm~', as said before, are observed on 
oxides of transition metals only and their position depends on the oxide (Fig. 4). 
Therefore they can tentatively be ascribed to an adsorption on metal cations of 
the oxide, or to an adsorption on the oxide surface as such. The 1735 band shows 
on oxygen admission, a behaviour different from the other ones and undoubtedly 
belongs to NO molecules relatively strongly held, presumably, by a covalent bond 


(3 


The bands around 1800 cm fall into the range of the double bond N=-O 
frequencies and can be ascribed either to the co-ordination bonding (4), or (5). 
However, the chemisorption type (4) is very close to the (2) type, and thus must 


[17] P. Tarte, J. Chem. Phys. 10, 1570 (1952). 
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be in reality some intermediary type of bonding between the two, with a NO 
frequency exceeding 1800em-'. It seems therefore that the explanation (5) is 
more fitting. 

In Fig. 3 the spectrum of NO adsorbed on NiO powder was shown. The band 
at 1805 must be also ascribed to a co-ordination bond. The band 1927 observed 
on ferric oxide gel belongs to NO molecules bound by the metal cations, or the 


2000 #1900 1800 1700 


Fig. 4. Schematic diagram of the infra-red spectra of NO adsorbed on the oxides. 


oxide as a whole, with the formation of the NO* form. As additional argument for 
this interpretation, we have the observation that in the nitroprussite anion 
Na,Fe(CN);NO which includes a positive nitrosonium NO* ion, the frequency 
1925 has been observed [16]. The occurrence of two frequencies instead of one can 
be due either to two different adsorption centres, or to the attachment of two 
NO molecules to one centre, as is the case for CO adsorbed on Rh metal [18]. 

Summarizing the results of this section we arrive to the conclusion that in the 
oxides of the transition metals, the adsorption of NO reveals at least two main 
kinds of surface centres, which can be identified either with the oxygen or the 
metal component. The latter centres can further be discriminated as leading to 
a covalent, or a donor-acceptor type of chemisorption (cf. Table 1). 

For NO on V,O, the bands due to the adsorption on oxygen are the most 
intense, whereas those due to metal centres are very feeble and are not reproducible. 
In a qualitative way the oxides studied can be arranged in the following sequence 
according to the relative increase of the NO bands, due to its adsorption on oxygen 


sites as compared with the decreased intensity of the bands, due to the metal sites: 
NiO, Fe,O,, V.O;. 

Morty [19] has shown that in the sequence of the oxides of Ni, Co, Fe, Mn, Cr, 
V, Ti, Se, the 3d-band of common electron levels, due to the strong interaction of 


[18] A. 8S. YANG and 8. W. Gartanp, J. Phys. Chem. 61, 1509 (1957). 
[19] F. J. Morwy, Bell System Tech. J. 37, 1047 (1958). 
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d-electrons, appears with Cr in this sequence, and widens gradually in the transition 
to V and further on. This seems to mean that the more the electronic configuration 
in the metal centres in the oxides is nearer to that of an isolated cation, the more 
these centres are active in the NO adsorption. Otherwise the oxygen sites dominate. 


Adsorption on metal cations in salts 


The diagram of Fig. 5 summarizes the bands for NO adsorbed on salts of 
transition metals. The bands below 1700 cm-', as said above, are due to the 


Al 20,90 
= 
i i a | 
i | | 
| 
| 
| 
i 
300 @00 oo} 


Fig. 5. Schematic diagram of the infra-red spectra of NO adsorbed on sulphates with 
cations of transition metals 
supporting gel. The band 1735 belongs, as was the case for the oxides, to NO 
molecules covalently bound to metal cations. 

In the range above 1800 cm~! the bands vary with the metal component. In 
contrast to the metals and the oxides in which the actual electronic configuration 
in the d-orbitals of the metal cation is indeterminate, this configuration is well 
known in the case of binary salts. For an even number of d-electrons (Fe?+, Ni?*) 
there is observed only one NO band above 1800 cem~!. The cations Co?+, Mn?* and 
Cr®> possess an uneven number of d-electrons, their spectra are similar and each 
contain three bands above 1800 cm~!. 

A comparison with the possible types of NO bonding (1)—(5) given above, shows 
that only the co-ordination bond (5) is brought about by an even number of 
electrons from NO. There are three types of bonding, viz. (1), (2) and ( t) when NO 
gives up an uneven number of electrons, namely three, to the formation of the 
bond. 

From a comparison of the number of bands in the spectra of NO adsorbed on the 
salt cations with the number of possible types of binding, the following conclusion 
can be made: the NO molecules interacting with the cations of transition metals 
gives up an even number of electrons when there is an even number of electrons 
in the d-orbitals, and an uneven one, when the d-orbitals contain an uneven number 
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of electrons. The similarity of the NO spectra on Co?*+, Mn?* and Cr? (Fig. 5) is 
probably due to the fact that in the d-shell of these cations there is an uneven 
number of unpaired electrons. The presence of additional vacant d-orbitals in 
excess to the first does not determine the type of bonding of NO by the cations. 

According to Wetss and De Marco [20] and Morr and Stevens [21], in the 
transition metals with tight packing (Ni, Co) most of the d-electrons are kept in 
orbitals, similar to the d-orbitals of isolated cations: the number of d-electrons per 
atom being 9-5 (Ni) and 8-5 (Co). In metals with a volume-centred cubic lattice 
(Fe, Cr), the number of d-electrons per atom is very small, viz. 2-3 (Fe) and 0-2 
(Cr). This means that in the latter two cases most of the d-electrons are used in 
the formation of a common electronic distribution in the metal lattice, whereas in 
the case of Ni and Co metals, the d-electrons can be utilized for local bonds with 
adsorbed molecules. This circumstance can tentatively explain the close similarity 
between the spectrum of NO, adsorbed on Ni metal, and that of NO, adsorbed on 
Ni** cations of the salt. On the other hand, the sharp difference between the 
spectra of NO, adsorbed on iron metal and the Fe?* cations is to be ascribed to the 
substantial disparity in their electronic distribution. 


Influence of the support 
Adsorption of NO on supported Fe 


In order to elucidate whether the nature of the oxide, on which metal is 
dispersed, has any influence on its adsorption sites, we studied iron deposited from 
the pentacarbony]! not only on alumogel, but also on ZnO, NiO and ferrigel. The 
first two oxides are semi-conductors of opposite types, viz. n and p, and therefore 
were in principle capable of enriching or depleting the electron concentration in the 
metal particle, thus influencing its behaviour towards adsorbed NO. The experi- 
ments showed that the NO band at 2008 em~! observed for Fe on Al,O,-gel is 
shifted to 1985 cm~! for Fe/N:O, remaining, however, in the frequency range 
characteristic of NO*. As shown above the bonding of NO by Fe metal can be of 

N 


the co-ordination types: Fe~:N==O*, or Fe~...|||. The observed frequency 


decrease in the NO molecule is consistent with a depleting action on the supported 
metal of the positive holes in NiO, which should lead to a stronger co-ordination 
bond of the adsorbed molecule and to a depletion of the electron density in the 
NO?* ion. 

For Fe on ZnO the spectral change is more considerable. Two bands at 2040 
and 1915 em~! are observed, instead of one. The increased frequency of the former 
can be understood from the same viewpoint that ZnO is in this case donating 
electron density via Fe to the valency bonds in the NO* ion. The decreased vibra- 
tion frequency 1915 cm~', however, can be ascribed to a partial neutralization of 


the NO* ion by electrons coming from ZnO directly. These suggestions are at this 


[20] R. J. Weiss and J. J. Marco, Rev. Modern Phys. 30, 59 (1958). 
N. Morr and K. Stevens, Phil. Mag. 2, 1364 (1957). 
(22) F. J. Morty, Phys. Rev. 98, 1195 (1954). 
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stage only guesses and require a more elaborate analysis which must take into 
consideration the relative heights of the electronic levels in the metal and the 


supporting semiconductor. 
When Fe was dispersed on the ferrigel no shifts have been observed comparable 


to alumogel, but only a relative intensity redistribution of the bands 2008 and 1735 
em~' in favour of the latter. Since this band was attributed to a covalent bonding 
of a neutral NO molecule to a metal site, this means that the support is more 


urable to this type of bonding, than alumogel. Iron oxide is known to be either 


or an n-semconductor depending on the admixtures 


and mired ori i, 


ve the band 1805 of NO adsorbed on powdered NiO has been 
ceptor type of bonding with the Ni cation in the oxide. When 
to em. This change can 
property of NiO supported 
ribed to a NO molecule covalently 

cl ed 
For dispersed on \ rm NO appear and the spectrum 


‘ 


consists oO! 1600-1700 em~', due to a covalent attachment 

of the 1 cule to t! xvgen sites, and of the dimeric bands observed already for 
alumoge I me spectrum is equally observed for alumo-silica-gel. 

s of the NO spectrum are found for the mixed ferri 

uidition to the bands 1927, 1938 and 1806 found for the 

ferrige! alone (cf. ; ve and Fig. 2), new bands at 1980 and 2125 appear These 


are characteristic for the nitrosonium ion NO* and for an uneven number of 
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electrons given up by the adsorbed molecule. According to our previously described 
criterion this means that the new centres appearing on the ferri-alumo-gel are more 
like the Fe*+ cations. However, the unshifted 1805 band shows that Fe?* cations 
are also present, as in the ferrigel alone. 

When ZnO is dispersed on the ferrigel, the band 1927 of the latter disappears 
and two new bands, 1960 and 2080, due to a nitrosonium ion, are observed. The 


bands 1806 and 1738, characteristic of a co-ordination and a covalent type of 


NO bonding, respectively, remain unchanged (Fig. 6). From the close similarity 
of the spectrum observed with that of NO bound to a Co®* cation in the salt, it 
can be presumed that in the ZnO/Fe,O,-gel centres of an electronic configuration 
with an uneven number of d-electrons like that of a Fe* cation appear. Such 
centres could be produced by electron transfer from the n-semiconductor ZnO 
to the 3d levels of the Fe** cation in the ferric oxide. 

The spectrum of NO adsorbed on the NiO/Fe,O, system differs from the previous 
one and is more like that for ferri-alumo-gel (Fig. 6). New bands 1960 and 2040 
appear, the 1805 band is shifted and the 1738 and 1927 bands remain unchanged. 
It is difficult to interpret this spectrum, since in this case metal cations of Ni and 
Fe are both active. It seems that there is a partial depletion of the d-electron in 
Fe** by NiO since the new bands are at 1960 and 2040 like for the case of ferri-alumo- 
gel. From the shift of the 1805 band it can be inferred that the cations Ni®* of 
NiO and the cations Fe** of the support do mutually influence themselves. 


Conclusion 

(1) The infra-red spectra of NO molecules adsorbed on the transition metals 
Fe, Ni, Cr have revealed centres functionating like the corresponding metal 
cations in the salts with free d-electrons. The more the d-electrons are mutually 
interacting in the metal the more these centres differ from cations. 

(2) By studying the changes in the spectrum of NO adsorbed on the oxides 
of these transition metals sites connected with the metal component and those 
with the oxygen could be discriminated. Judging from the gradual removal of 
definite bands, the adsorption on the oxygen sites is stronger than that on the 
metal ones although the electronic configuration of NO and its vibration frequency 
is more changed in the latter case. 

(3) The various bands observed, indicate that the interaction of NO with the 
metal sites can be different, viz. with a covalent, co-ordination and ionic types of 
bonding. In all cases the metal cation is acting as electron acceptor. In the 
oxides of Fe and Cr, where the cations can be in different valency configurations 
the metal sites can correspond to different charges. 

(4) In the oxides of non-transition metals NO is bound only on the oxygen 
sites. The support exercises a marked influence on the metal sites. 
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Vibrational mean-square amplitude matrices—III 
Application to some linear triatomic molecules 
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Abstrac The mean-square amplitude quantities of the following linear triatomic molecules 


have been studied: @CO,, ®CO,, CO,, OCS, OCSe, CS,, SCSe, CSe, and SCT: The mean- 


es of vibration for the bonded interatomic distances are found to possess 
ies, namely 208 K) 0-0012 A® for CO, about 0-0015 A® for CS, and 0-0016 A® 


mputed value for CTe is about 0-0018 A®. Also the mean amplitudes of vibration 


he bonded and non-bonded distances in all the present molecules are given. 


\ THEORETICAL treatment of the mean-square amplitude matrices of the linear 
triatomic molecular models YXZ and XY, has been given in the foregoing article 
of this series | 1 In the present article, some numerical results will be reported for 
specif molecules of the types ¢ Y, and YCZ(Y.Z O.S.Se or Te). The spectro- 
scopical studies of the vibrations of carbon dioxide, disulphide and oxysulphide 
have been extended by WENTINK [2, 3] to certain related compounds containing 
selenium or tellurium. All the present calculations are based on data from the 
latter one of WENTINK’s papers [3], which also contains a comparative study of 


the force constants of the molecules in question. 


General procedure 


All the harmonic vibrational constants, including the mean-square amplitude 
quantities, are determinable from the normal frequencies in the case of the CY, 
type molecules. The expressions for the mean square amplitude quantities are 
given by equations (27)-(30) of reference 1}. 

For the complete determination of the vibrational constants of a molecule of 
the ¥CZ type, one further piece of information is required in addition to the normal 
frequencies. In the present calculations, the interaction force constants (k’ in the 
notation of reference |1}) are used for this purpose. They have been estimated by 
an interpolation method from the calculated values for the CY, molecules (see 
Table 1) by Wentink [3]. To compute the three independent mean-square 
amplitude quantities for the linear vibrations in the general case, viz. o,, ¢, and 
@ in the notation of reference [1], one of the following alternative procedures may 
be followed 

(i) When &’ is known, the other force constants, viz. k, and k,, are calculated 
from the familiar equations (10) of the cited paper [1]. The result is applied in the 


J. Cyvre, Spectrochim icta, 835 (1959). 
T. Wentrink, Jr., J. Chem. Phys. 29, 188 (1958). 
3) T. Wentrink, Jr., J. Chem. Phys. 30, 105 (1959). 
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characteristic-vector computation [4, 5] for determining the coefficients L,, of the 


transformations 


ry + 


Table 1. Vibrational data used in the computations * 


Interaction 


Vibrational frequencies 


force constant 
1 k’ (mdyn/A)+ 


Molecule 


BOO, 1354-42 2396-40 (1-262) 


AC), 1354-42 2328-20 (1-262) 
MOO, 1354-42 2268-33 (1-262) 
OCs 876 2091 0-97 
OU Se 650 29045 OSS 
CS, 671 1552 (0-664) 
SCSe 506+ 14352 0-53 
CSe, 3682 1303* (0-36) 


SCTe 13658 


* Quoted from Wewntink [3]. The cited paper contains references to the original sources. 


+ Figures in parentheses are calculated from the vibrational frequencies; the others have been 
estimated graphically by Wentixx [3 
a > Observed frequencies; the others are corrected for anharmonicity. 
, § Estimated gas frequency from liquid phase data 
I 


where Q, and Q, are the normal co-ordinates corresponding to the parallel vibra- 


tions. Then one has [6, 5] (for the notation, see reference [1}) 
L,,7A, L,37A; 
L.,7A, + 
Ly, L,4, Ly; 


(ii) The following, previously reported {1] relations, have been deduced from 


the secular equation (15) of reference [5]. 


4, +A, [o,(ux + Mz) + fy) + 20'ux] 


From equation (22) of the mentioned paper [5], applied to the present case, one 


obtains 


+ 4,4; = ko, + ko, + 2k'o’ 
AyAgA, As = [kyk, — (k’)* — (0’)?] (2) 
Once the force constants have been established in the same way as described 
above (i), the equations (1) and (2) will be sufficient for the calculation of the 


desired quantities, viz. o,, ¢, and o’. 


4] E. B. Wiisow, Jr.. J. Chem. Phys. 7, 1047 (1939); hid. 9, 76 (1941). See also: E. B. Witson, Jr 
J. rs and P. C Cross, Volecular V thrations McGraw-Hill, London (1955 

5) S. J. Cyvry, S pectroc him. Acta, 828 (1959). 

{6} Y. Morro, K. Kucurrsvu and T. Sarmanovcat, J. Chem. Phys. 20, 726 (1952). 
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For the mean amplitudes of vibration for the bonded and non-bonded inter- 


atomic distances, one has 
i » 
Uxy Uxz (0, + + =0 


For the linear symmetrical XY, molecular model, these expressions reduce to 


Numerical results 


The vibrational data [3] used in the calculations are quoted in Table 1. 


Carbon dioxide 

The numerous investigations on the carbon dioxide molecule include some 
works [7] on the mean amplitudes of vibration, both from electron diffraction on 
one hand, and spectroscopic data on the other hand. In the present work, the 
hitherto unreported isotope shifts for the mean-square amplitude quantities of 


this molecule are concerned. In Table 2 the calculated values of o and o’ are 


Table 2. Mean-square amplitude quantities for 
carbon dioxide molecules (A? units) 


Mean-square amplitude 


Molecule T oO 298°K 


O-OOLLOS 
17 


0-001196 
0-000416 


O-OOLL7T2 O-OOLLT3 


0-000394 0-000393 


0-001152 0-001153 
-0-000374 0-000373 


given for three isotopic species, containing 1°C, °C and MC, respectively, and at 
the temperatures 7 O and 298°K. The corresponding mean amplitudes of 
vibration for the bonded and non-bonded interatomic distances are included in 
Table 4. 


Further computations 

The calculated mean-square amplitudes for #*CO, at = 298°K, together 
with the corresponding quantities for six other molecules of the series here con- 
sidered, are collected in Table 3. By comparing the values of c,-y for the various 
molecules containing the Y atom, only small variations are observed. Hence the 
presence of characteristic values for the mean-square amplitudes of vibration is 
detected. The analogous situation for the force constants has been reported by 
WentTINK [3]. The mean amplitudes of vibration for the bonded and non-bonded 
interatomic distances at the temperatures 7’ = O and 298°K are given in Table 4. 


7) P. Desye, J. Chem. Phys. 9, 55 (1941); I. L. Karue and J. Karte, Ibid. 17, 1052 (1949); 
Y. Morro, Ibid. 18, 395 (1950); A. Rerran, Acta Chem. Scand. 12, 785 (1958). 
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Table 3. Mean-square amplitude quantities at 7 298°K (A? units) 


Molecule 


0-000416 0-001196 zi 

0-000516 0-001218 0-001498 

0-000553 0-001224 0-001594 

0-000651 0-001499 

-0-000707 0-001514 0-001578 
1572 


0-0007 24 0-001570 0-OOL7T51 


Table 4. Mean amplitudes of vibration (A units) 


Molecule Distance Mean amplitudes 
T=O 298°K 


RCO, 0-03457 0-03459 
0-03945 0-03951 
BOQ, 0-03424 0-03425 
0-03945 0-03951 


MOCO, 0-03394 0-03396 
0-03945 0-03951 


00-0349 0-0349 
0-0383 0-0387 
00-0405 00-0410 


0-0349 00-0350 
0-0387 0-0399 
0-0398 0-0414 


0-0383 O-O387 
0-0396 0-0412 


0-O384 0-O389 
0-0384 0-0397 
00-0376 0-0410 
00-0381 0-0397 
0-0341 0-0404 
00-0390 00-0396 
0-0395 0-0418 
0-0381 0-0433 


Ovo Ocs Octe 
OCS 
OCSe 
CS, 
SCSe 
CSe, 
SCTe 
5 
o59 
OCS C—O 
C—S 
O---S 
OUCSe C—O : 
C—Se 
O.---Se 
CS. C—S 
g...8 
SCSe C—S 
C—Se 
S---Se 
CSe, C—Se 
Se---Se 
SCTe 
C—Te 
S---Te 
961 
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Ultraviolet absorption spectra of derivatives of symmetric triazine—III 
The guanyl-melamines 


R. C. F. Hatverson and F. T. 


Central Research Division, American Cyanamid Company, Stamford, Connecticut 
(Re ceived 5 May 1059) 


Abstract—The ultraviolet absorption spectra of mono-, di- and tri-guanylmelamines, pheny]- 
guanylmelamine and phenylguanidine, and their ions have been determined. The ionization 
constants were measured by use of the “Spectro-Titrimeter”. The spectra and structures 
which have been assigned are consistent with other derivatives of symmetric triazine. The 
un-ionized forms are assigned structures having the guanidino-group carbon—nitrogen double 


bond in conjugation with the triazine ring; this conjugation is lost in the ionic forms. 


Introduction 


ULTRAVIOLET spectrophotometric studies on s-triazine [1] and its derivatives [2], 


and particularly on the derivatives of melamine [2, 3] showed a definite correlation 
between trigonal symmetry (or the absence of it) and the absorption spectra 
observed. This was found to hold true for the mono-, di- and triguanylmelamines 
as well, if examined in acid solution [4]. However, these spectra were found to 
be different in alkaline solution, and did not correspond to those observed for the 
other substituted melamines [2, 4]. This prompted a more thorough investigation 
of the spectra of guanyl-melamines following their initial reporting along with 
the other substituted melamines [4]. Material on the guanyl-melamines was not 
included in the publication [2] on substituted amino triazines for this reason, but 
were described orally [5]. 


Apparatus 
The earlier spectrophotometric work was performed using a Beckman Spectro- 
photometer, model DU, which was equipped with a Nester water-cooled hydrogen 
lamp. Later work was done with a Cary Automatic Recording Spectrophotometer, 
Model 11, which was also equipped with a Nester water-cooled hydrogen lamp. 
Quartz cells of light-path lengths of 1, 5, 10, 20 and 50 mm were used, as well as 
micrometer Baly cells which could be varied in length from 5-00 to 0-01 mm [6]. 
Studies on the variation of ultraviolet absorption spectra with pH were 
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originally done on both spectrophotometers by examination of samples in solution 
of known pH. After the construction of the “‘Spectro-Titrimeter’ attachment [7] 


for the Cary instrument, such studies were performed by titrating the sample 
solution while pumping it through the absorption cell. A Leeds and Northrup 
battery-operated pH-meter, as described with the “Spectro-Titrimeter”’ [7], was 
used to determine pH values. 
Results 

The ultraviolet absorption spectra of mono-, di- and tri-guanylmelamines [8] are 
summarized in Table 1, with band positions in both Angstroms and in wavenumbers 
and band intensities in molar absorptivity values (molar extinction coefficients); 


Table 1. Observed bands of the guanyl-melamines and their ions 


Guanyl- . Lower energy band High energy band 


melamine (A) (em!) (e) (A) (em!) (e) 


Mono- Neutral 2550 39,200 28.800 2200%s 45,.500%s 22.200%s 
Ist positive 2560 39,000 9610 2200 45,500 41,200 
Di- Neutral 2540 39.400 30,000 2180 45,900 14,600 
Ist positive 2580 =38, 800 18,000* 2150 46,500 26,100* 
Lae 2nd positive 2520 39.700 3030 2180 $5,900 50,200 
15 Tri- Neutral 2600 38.400 64.000 
020 Ist positive 2620 38.100 40,000* 2°10 15.100 19.500* 


2nd positive 2610 38.300 23.500* 2200 $5,500 36,500* 
3rd positive 2600% 38.4007S 200079S 2260 43.200 $6,200 


Notes: %s Band appears as a shoulder; position and intensity are therefore not exact. 


* Intensity estimated from “‘Spectro-Titrimeter’’ curves, and from the ratio of intensities of the two 
bands where exact intensities could not be determined because 
forms. 


of the extreme insolubility of the ionic 
these spectra are also presented in Figs. 1—3, as plots of the logarithm of the molar 
absorptivity vs. wavenumber. The spectra of the comparison compounds, pheny!l- 
guanidine |9] and phenylguany!lmelamine [7], appear in Figs. 4 and 5. 

It should be noted that the longer wavelength (lower wavenumber) band for 
all three guanyl-melamines has the greater intensity, while the shorter wavelengths 
(or higher wavenumber) band is the more intense for the fully ionized forms. 
The acid—base behavior of the two comparison compounds, phenylguanidine 
and phenylguanylmelamine, is similar to those of the guanyl-melamines. 


lonization constants of the quanyl-melamines 

The ionization constants (expressed as pA,* values where pA,* — pH at 
half neutralization point 14 -- pK,) were measured by titration and by use of 
the “Spectro-Titrimeter’’. These values are compared in Table 2. 
[7| F. T. Kone and R. C. Hier, Appl. Spectroscopy 7, 164 (1953). 

A. 


F. MacLean, U.S. Pat. 2537840. 
{9} R. C. Hirt and F. T. Kine, Appl. Spectroscopy 8, 144 (1954). 
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Discussion 
The molecular structure of monoguanylmelamine may be represented as 
either of two tautomeric forms, A and B: 


NH, NH 
| 
H 


H,N N NH, H,N N NH, 

which differ only in regard to which guanidine nitrogen atom is attached to the 
triazine ring. Similar structures may be written for the diguanyl- and the triguanyl- 
melamines. Although the structure B is usually written for monoguanylmelamine, 
there is little @ priori reason for choosing between A and B. Structure B might 
be favored by analogy to the alkyl-substituted guanidines, but A might be favored 
because of stabilization by resonance of the guanidine double-bond being 
conjugated with the triazine ring. 

The ultraviolet absorption spectra of the guanyl-melamines and their ions 
can be understood by considering them as arising from transitions between 
perturbed melamine levels [2, 5]. In melamine, two distinct bands of appreciable 
intensity are observed in the ultraviolet, the stronger being an allowed 14,'—1Z,’ 
transition and the weaker being a symmetry forbidden 1A,'—1A,’ transition. 

The acid spectrum of monoguanylmelamine is similar to that of a 2:4-diamino- 
s-triazine [4], which may be interpreted as indicating a decrease in the interaction 
of the external nitrogen atom with the ring electronic system. (The difference 
between the spectra of a mono-alkyl melamine and a 2:4-diamino-s-triazine is 
largely a shift to lower wavenumber of the lowest wavenumber band.) The ion 
of monoguanylmelamine may be represented as a superposition of the following 
three resonance forms: 

NH, NH, 


NH, 


N NH, N NH, 
(A) C (B) C 
N N N N 
| | | 
+ 
H H C 
N Y N NH, N NH, 
C C 
N N N N N 
| || | 
N NH, H,N N NH, N NH, 
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The net result is a positive formal charge on all the nitrogen atoms of the guanidine 


group, which would reduce the overlap between the z-orbitals of the ring carbon 
and the adjacent guanidino nitrogen atom. Similar considerations apply to the 
various di- and tri-guanylmelamine ionic forms. In the triply ionized tri-guanyl- 
melamine ion, the threefold axis of symmetry of the melamine nucleus [2] is 
restored, and the transition again becomes forbidden; the band is so weak as to 
appear as only a shoulder. 

In the free base spectra, the pattern of the bands differs considerably from 
that observed with other substituted melamines [2]. This is interpreted as due to 


lable 3. lonization constants of compounds related to 


guanvl-melamine 


Compound name 


< 
Methylguanicdine 3-4 to 13-9 
NHNH,) 2-41 
Phenyvlwuanicine 
3 


Mow vir la ht 


considerable interaction between the triazine ring and the side group, causing 
both intensity changes and shifts in band positions. For the mono- and the di 
guanvl compounds, the asymmetry of the electronic structure would be enhanced; 
some shift takes place for the tri-guany! 

In order to explain this large interaction or conjugation with the triazine 
rings by the guanyl group, the principal classical structure must be taken as the 
one in which the guanidine double bond is adjacent to the ring, as in structure A. 
The tautomeric structure, B, would tend to give the nitrogen atom next to the 
ring a slight positive formal charge which would hinder interaction with the ring. 
It might be stated that the conjugating power of the guanidino group in the 
structure B with the double bond once removed from the “bridge” nitrogen is 
less than that with it adjacent 

A close hydrocarbon analog is phenyl guanidine (spectra in Fig. 4). In the 
wcid solution, the longer wavelength (lower wavenumber) band is weak and hardly 
discernible, and the second band is well within the quartz ultraviolet, indicating a 
considerable shift of the FE. band of benzene toward the lower wavenumber 
direction (a shift of Vandenbelt’s “primary” benzenoid band [10]). In the free 


10} L. Dows and J. M. VaNDENBELT. J lm. Chem Soc. 69, 2714 (1947); vi. 2414 (1949), 
11) S. J. Aneyat and W. K. Warsurron, J. Chem. Soc. 2492 (1951). 
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base, however, there appears to be both a shift of the strong band and an increase 
in intensity of the lower wavenumber band. This is a situation comparable to the 
guanyl melamines and suggests that the preferred classical structure would have 
the double bond of the guanidino group conjugated with the phenyl group. 

Another closely related compound is phenylguanylmelamine [7], representing 
a cross between phenylguanidine and monoguanylmelamine. Its spectral behavior 
in acid and base is also analogous to the guanylmelamines, and its spectrum closely 
resembles that of monoguanylmelamine. Preferred structures for phenylguanidine 
and phenylguanylmelamine and their ions are: 


Base stren qth 


The base strengths of these compounds are also consistent with this picture 
of strong guanidine-ring interaction. Values of the ionization constants of these 
compounds and of some comparison compounds are shown in Table 3, arranged 
in descending order of pX,*. 

The first three entries (molecules not amenable to measurement by the 
“Spectro-Titrimeter’’) were taken from the work of ANGyL and WarsBurTon [11]; 
all other values were determined spectrophotometrically. 

If similar entropy changes are assumed between the base and conjugate acid 
for any two cases, the differences in the ionization constants are primarily due to 
differences in resonance energies. If the interaction between the ring and the 


guanidino groups were the same for both acidic and basic forms. one would expect 


but little difference in the resonance energies, and hence also in the pX,, values. 
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Conversely, diminished interaction in the ion would result in diminished resonance 


energy and greater changes in the pA, values. Such is the case for guanyl melamine 


as compared to guanidine. Little effect is shown on guanidine’s ionization constant 
by methyl substitution, as shown by ANcyt and WarsurTON [11]. A methyl 
group in place of an amino produces some change, and a phenyl group in place of 
a hydrogen atom gives still more (phenylguanidine). The guanyl-melamines 


appear to be in a logical order. 


lhe writers wish to acknowledge the preparation and purification of the 
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Abstract——C-deuterated z-amino acids NH,*CDRCOO 


and enzymic methods. The infra-red spectra of these substances were measured and the com- 


were prepared by electrolytic reduction 


parison of the results with those obtained for non-deuterated and \-deuterated compounds 
enabled us to assign the infra-red bands. For alanine the normal modes of vibrations were 


calculated and a more accurate assignment was made. 


Introduction 
In OUR previous researches, infrared spectra of glycine, alanine and their .V-deuter 
ated compounds were studied [1,2]. In order to make the complete assignment 
of the absorption bands, further measurement of the infra-red spectra were made on 
C-deuterated amino acids NH,*CDRCOO~ prepared by the electrolytic reduction 
of «-hydroxyiminopropionic acid and enzymic methods. For alanine remeasure- 
ment of the \-deuterated compound was also made. The assignment was based on 


the normal vibration calculation as a seven-body problem 


Experimental 

('-deuterated pi-alanine NH,*CDCH,COO~ was prepared as follows: 0-25 g 
of «-hydroxyiminopropionic acid was dissolved in 4-5 g of 99-8°,, deuterium oxide 
and 0-25 ml of 85°, D,SO, in 99-8°,, D,O added. The solution was electrolysed as 
described by IsuHipasut [3] under continuous agitation by the bubbling of the 
dried air. The system was separated from the open air by capillary tubes to 
prevent the exchange of D,O with H,O contained in the atmospheric air. The 
apparatus used for the electrolytic reduction is shown in Fig. 1. When the reduc 
tion was completed, the solution was diluted with water, neutralized with barium 
carbonate and filtered. The alanine in the filtrate was adsorbed on an Amberite 
112 column and washed well with distilled water. It was then eluted with 0-15 N 
ammonium hydroxide and the elute with positive ninhydrin test was collected, and 
evaporated to driness in vacuo Pure alanine (0-1 ¢) was obtained after the 


recrvstallization from water by the addition of ethanol. The highest deuterium 


content of alanine thus obtained was 98 per cent. When deuterium oxide of lower 


concentration was used. a mixture of deuterated and normal alanine was obtained. 


M. Tsupor, T. Ontsur, I. NakaGawa, T. and 8S. Mizusuima, Spr 12. 


2) K. T. Ontsar, T. Sarmanovent and 8. Mizusuima, to be published 
3) M. Isuipasni, Mem. Coll. S ly Kyoto 9, 37 (1925 
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The apparatus used for the electrolytic reduction. 


Deuterated pL-alanine, p-deuterated-pL-alanine, L-deuterated-pL-alanine, 
deuterated L-glutamic acid and deuterated L-phenylalanine were prepared by the 
enzymic method as follows. The transaminase was extracted from pig hearts and 
purified partially as described by GREEN ef al. [4]. The precipitate obtained by the 
second ammonium sulphate fractionation was dissolved in deuterium oxide and 
used as the enzyme preparation. The composition of the reaction mixture was as 
follows. 

For phenylalanine : L-phenylalanine 40 mg, 0-067 MD,O phosphate buffer 
(pH 7) 1-0 ml, enzyme solution in D,O 0-5 ml, sodium «-ketoglutarate trace, and 
toluene (antiseptic) one drop. For glutamic acid : sodium L-glutamate 165 mg, 
0-067 M phosphate buffer in D,O (pH 7) 1-0 ml, enzyme solution in D,O 0-5 ml, 
sodium «-ketoglutarate trace, and toluene (antiseptic) one drop. For pi-alanine : 


pL-alanine 65 mg, 0-067 M phosphate buffer in D,O (pH 7) 1-0 ml, enzyme solution 


in 70°, D,O 1-0 ml, sodium «-ketoglutarate trace, toluene one drop. 

After standing for 24 hr at 37°C under vacuum, each mixture was boiled to 
inactivate and coagulate the enzyme protein, and filtered. The combined filtrate 
and the washings were treated on an Amberite 112 column in a similar way as 


4) D. E. Green, L. F. Levorre, V. Nocrro, J. Biol. Chem. 161, 559 (1945). 
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employed in the electrolytic method. The deuterium substituted amino acid 
preparations were recrystallized from water and ethanol. * 

Infra-red spectra of the amino acids thus prepared were recorded with Hilger 
H-800 infrared spectrometer by the KBr disk method. The high resolution 
measurement was made, using Perkin-Elmer 112-G infra-red grating spectrometer. 
For alanine the spectra of N-deuterated compounds ND,*CHCH,COO- and 
ND,*CDCH,COO~ were measured as nujol and hexachlorobutadiene mulls. The 
results are shown in Tables 1, 2 and 3, and Figs. 2, 3, 4 and 5. 


Calculation of normal vibrations 
The normal vibration calculation of the molecule of NH,*CDCH,COO- was 
made as a seven-body problem, regarding the NH,* and CH, groups as dynamical 
units. The force constants and the symmetry co-ordinates are the same as reported 
in our previous paper [2]. The result of the calculation is shown in Table 3. 


Assignment of the spectra of NH,’ CHCH,COO (I), ND, CHCH,COO (II), 
NH, CDCH,COO (III) and ND, CDCH,COO (IV) 
(i) The region from 1650 to 1340 em— 

The assignment of the bands observed in this region can be made quite easily 
as shown in Table 1. The two absorption bands arising from the NH,* degenerate 
and symmetric deformation vibrations of (1) and (IIIT) disappear in (II) and (IV) 
in which the NH,* group is deuterated to form the ND,* group. The remaining 
four absorptions are assigned to the CO,~ symmetric and anti-symmetric stretching 
vibrations and the CH, degenerate and symmetric deformation vibrations, respec 
tively. The frequencies remain almost constant for the four compounds. The 
splitting of the CH, symmetric deformation bands is probably due to the Fermi 
resonance, 


(ii) The region from 1340 to 1220 em—! 

The strong absorption at 1308 em~! characteristic of alanine was assigned to 
the CH bending vibration in our previous paper. The assignment is compatible 
with the result of the present experiment that this band disappears completely 
in (IIL) and (V) which have no CH groups. The bands at 1238 em~! is observed 
only for (I) and (IL1) and can be assigned to one of the NH, rocking vibrations. 


(iii) The region from 1220 to 1040 em~ 


From the normal vibration calculation we expect for (1) and (II) two absorp- 


tions arising from the coupled motions of the CCN anti-symmetrie stretching and 
CH, rocking vibrations. In addition to these one of the NH, rocking vibrations 
appears in this region for (1) and (III), and the ND, degenerate and symmetric 
deformation vibrations appear for (IL) and (LV).* For (III) and (IV), however, the 


* The writers are grateful to Dr. D. Rrrrensere of Columbia University for information about th 
effect of the addition of x-ketoglutarate to accelerate the reaction 

+ From the frequencies for NH, degenerate and symmetric deformation vibrations those for ND, 
degenerate and symmetric deformation vibrations can be calculated Approximate calculations yield 
the values 1190 and 1170 cm~! for the two vibrations 
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Fig. 2. Infra-red absorption of NH,*CHCH,COO~(1), ND,*CHCH,COO~(IT), 
NH,*CDCH,COO~(IT1), and ND,*CDCH,COO~(TV). 
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Table 2. 


Infra-red absorption peaks of normal and deuterated 


L-phenylalanine and L-glutamic acid 


L-Phenylalanine 


t—CH(NH,*)COO 


Wave- 


number 


1475 
1455 
1410 
1335 
1310 
1245 
1225 
1155 
1130 
LOS80 
1025 
1000 

910 

950 

S15 


745 


Intensity 
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Wave- 
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coupling of one of the CD bending motions can also be expected. All the absorption 


bands in this region given in Table | can be reasonably assigned. 


from 1040 to 860 em~' 


In this region the CH, rocking and a skeletal stretching vibrations are expected 


to appear as absorption bands for (1). However, in addition to these, the ND, 


rocking motion will also appear for (LI). An approximate calculation yields 
frequency values of 950 and 875 cm! for the ND, rocking vibrations. These 
correspond to those of 990 and 939 em~!, and 878 and 861 cm~'! actually observed 
as absorptions For (LLL) and (1V) one of the CD bending frequencies will also be 
observed in this region. Taking into account the result of the normal vibration 


calculation, the observed bands are assigned as shown in Table 1. 


7 he emvon Trom SOU to 730 cm 


The normal vibration calculation yields two skeletal frequencies in this region. 


These are assigned reasonably as shown in Table | for all the four compounds. 
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RESEARCH NOTE 


Die niederfrequenten Ramanlinien eines Phenol-Kristalls 


(Received 7 1050) 


Nacu dem in einer fritheren Arbeit [1] beschriebenen Verfahren haben wir das niederfre- 
quente Ram i ktrum, also das Spektrum der sog. “‘fiusseren”’ Molekiilschwingungen 
einem Phenol-Einkristall bei 17 7 55° und 90°C untersucht. Wahrend | 
Raumtemperatut mit polarisierter Erregerstrahlung (Hg-k und Hg-i) und Polarisations- 
analyse des Streulichts gearbeitet werden konnte, war dies bei den tieferen Temperaturen 
aus apparativen Griinden nicht mehr méglich. Aufnahmen bei Temperaturen unter ) 
scheiterten daran. dass auch bei vorsichtigstem Abkiihlen Risse in den Kristallen auftraten. 
die durch starke diffuse Reflexion des Primirlichts Ramanaufnahmen unmdéclich machten 
Die Aufnahmen mit polarisierter Erregung wurden bei einer Dispersion von 15 A/mm 
(4000 A). diejenigen mit unpolarisierter Erregung bei einer Dispersion von 6.5 A/mm 
durchgefiihrt 

Das Phenol wurd pe schlossenet Glasapparatut durch mehrfaches stillieren 


j 


vereinigt, getrockmne nd in das Kristallzuchtgefiss tiberdestilliert. Die aus der Schmelz 


gewachsenen Kristalle zeigten ein Svstem zweier senkrecht zueinander stehender Spalt 
flichen parallel der als Richtung des bevorzugten Wachstums leicht zu identifizierenden 
[2} kristallographischen Achse a. Durch Sagen und Spalten liessen sich quaderférmi 


Stiicke von nahezu optischer Qualitét mit Kantenlingen von bis 2 em _ herstellen 
Polarisationsoptische Untersuchungen ergaben, dass die Achsen des Index: llipsoids paral 
zu den Kanten dieser Krist illquader lagen Da die Kristallsymmetrie nur sehr 

der rhombischen Symmetrie abweicht, [3, 4], fallen die kristallog: iphiscl 

und ¢ praktisch mit den Indexachsen zusammen und li gen damit 
Kanten |, 2 und 3 unserer Kristallquader. Die a-Achse bezeichnet 


die EKinzelzuordnung der Achsen 4 und ¢ zu 2 und 3 war nicht mi 


sationsverhaltnisse der niederfrequenten Ramanlinien (vgl. Tabe 
eindeutige | scheidungsmoglichkeit fiir diese beiden Ka 
weitere 

monok line imetrieachse ¢ parallel zur K 
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Research note 

Ramantlinien, wie sie bei Aufnahmen mit der grossen Dispersion 6,5 A/mm gefunden 
wurden 

Tabelle 2 enthalt die Ergebnisse der Polarisationsuntersuchungen (20°C) in der iiblichen 
Form [2, 5). Die Elemente A,, der quadratischen Schemata geben an, ob bei der betref- 
fenden Orientierung die Linie mit Sicherheit ) oder nur unsicher (/) festgestellt werden 
konnte, bzw. sicher nicht vorhanden war (0). Der Index i bezeichnet die Richtung des 
E£-Vektors der betreffenden Streulichtkomponente, der Index k diejenige des Primiirlichts, 
heide bezogen auf die Kristallkanten 1, 2 und 3. 


Tabelle 2 


17/26 59 78/97 em-! 


Der kleineren Dispersion wegen liessen sich die sehr breiten Linien 17 und 26 em=! sowie 
78 und 97 ecm~! nicht mehr trennen 

Der Phenol-Kristall ist monoklin (Raumgruppe ( »”), die Abweichungen von der rhom- 
bischen Symmetrie (Raumgruppe D,") sind aber dusserst gering [3]; die Elementarzelle 
enthalt sechs Molekeln, alle Atome sind in allgemeiner Lage. Die Abzahlung liefert drei- 
und-dreissig dussere Schwingungen, von denen achtzehn vermutlich als mehr oder weniger 
reine Rotationsschwingungen auftreten werden. Sie kénnen im monoklinen System 
symmetrisch oder antisymmetrisch zur Symmetrieachse C, sein. Die bei 38 em-! und 
59 em~!' beobachteten Linien scheinen mit ihren Polarisationsverhaltnissen einer anti- 
symmetrischen Schwingungsform zu entsprechen: 


1 


Die (, miisste also parallel zur Kante 3 verlaufen. 17/26 und 78/97 em-! scheinen jeweils 
Uberlagerungen von symmetrischen und antisvmmetrischen Polarisationstensoren darzu- 
stellen. Genauere Aussagen sind nicht méglich. 
Der Nachweis einer weiteren Linie (35 em~') bei Temperaturen unter —50°C und die 


extreme Unschiirfe aller beobachteten Linien lassen vermuten. dass das niederfrequente 
Ramanspektrum noch mehr Linien enthilt, als in Tabelle 1 angegeben sind. Um diese 


nachweisen zu kénnen, sollte man zu noch tieferen Temperaturen iibergehen; es diirfte 
iber sehr schwierig sein, die dabei in wachsendem Masse auftretenden Triibungen und 
Risse zu vermeiden. Phenol bereitet in jeder Hinsicht ungleich gréssere Schw ierigkeiten 
als Substanzen wie Naphthalin, Jenzoesiure usw. (geringes Streuvermégen. extreme 
Empfindlichkeit gegen Temperaturinhomogenititen und geringste mechanische Belastung: 
hygroskopisch: starke Atzwirkung). Die Polarisationsaufnahmen erforderten Belichtungs- 
zeiten bis zu 14 Tagen Dauer 

lnerkennung—Die Untersuchungen sind im Physikalischen Institut der Universitat Freiburg 
durchgefiihrt worden. Wir danken Herrn Prof. Dr. Th. Scumupt. der uns den Spektrographen 
zur Verfiigung gestellt hat, und der Deutschen Forschungsgemeinschaft. die durch ihre Mittel 


die vorliegende Arbeit erméglicht hat Herrn Prof. von STaAcKELBERG, Bonn, sind wir fiir 
freundliche Auskiinfte und Beratungen sehr zu Dank verbunden. 


Ph ysikali sch he mische und Ph ustkalische Institut > 

K. R. Frowner 
de r / niversitat re ihura 8. Br 


P. Marurev, Spectres de Vibration et Symétrie des Molécules et des ¢ ristaua Paris (1945). 
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NOTICE OF MEETING 


22éme Congrés annuel du Groupement Pour I’ Avancement 
des Méthodes Spectrographiques. 

Le prochain Congrés annuel du Groupement Pour |’ Avance- 
ment des Méthodes Spectrographiques se tiendra A Paris les 21, 
22, 23 et 24 Juin, 1960. 

La correspondance a: Professeur E. Logumur, Le 
Secrétariat du G.A.M.S., Fort de Montrougne, Arcueil 
(Seine), France. 
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Uber den innermolekularen Prozess der Molekiilabspaltung 
bei angeregten aromatischen Molekiilen 


H. ScutLer und M. SrockBuRGER 
aus der Forschungsstelle fiir Spektroskopie in der Max—Planck-Gesellschaft, Hechingen 


(Received 7 August 1959) 


Abstract—-The behaviour of a number of aromatic molecules, when excited by electronic impact 
in a special discharge tube, has been examined. From the observed absorption and emission 
spectra a series of new molecular species has been found, the production of which can be 
correlated with one common method of cleavage. In this process the excited molecule splits 
by an intramolecular change into a smaller molecule (H,, HF, HCl, C,H,, CH,) and simul- 
taneously the remainder becomes stabilized by ring closure or by the formation of a double 
bond leading to a new molecule. If ring closure or double bond formation is not possible, a 
bi-radical is formed and the intramolecular process is thus completed. A new stable molecule is 
then only formed by dimerization of the bi-radical. 


Diz bisher vorliegenden spektroskopischen Beobachtungen an organischen 
Molekiilen in der Glimmentladung weisen auf eine Reihe verschiedenartiger 
Dissoziationsprozesse hin. Bei mittleren Stosszeiten von 10-*-10-7 sec, wie sie 
bei den Versuchsbedingungen vorliegen, und einer mittleren Lebensdauer des 
angeregten Molekiils von etwa 10~* sec kann dieses niherungsweise als isoliertes 


System betrachtet werden. Es handelt sich also bei Dissoziationsprozessen in der 
Glimmentladung, die von angeregten Molekiilzustinden ausgehen, um inner- 
molekulare Vorgiinge, welche durch die Eigenschaften der Potentialflichen der 


angeregten Zustiinde bedingt sind. 

Bisher wurde fast ausschliesslich die Dissoziation eines angeregten Molekiils 
in zwei Mono-Radikale bzw. in ein Mono-Radikal und ein Atom (H, Cl, ...) 
beobachtet. In einzelnen Fallen entsteht eines der beiden Radikale bereits im 
angeregten Zustand [1]. Grundsiitzlich ist es nun médglich, dass bei einem 
Dissoziationsvorgang ein Molekiil nicht nur in Radikale aufspaltet, sondern auch 
in ein Biradikal und ein stabiles Molekiil. Lasst nun der Bau des Biradikals eine 
Vereinigung der beiden freien Elektronen zu einer Bindung zu, dann stabilisiert 
sich dieses zu einem neuen Molekiil, so dass am Ende dieses innermolekularen 
Dissoziationsvorgangs zwei neue Molekiile entstanden sind. Falls eine Umbildung 
des Biradikals zu einem Molekiil nicht méglich ist, so ist mit weiteren Reaktionen 
desselben zu rechnen. Es sollen nun im folgenden einige Beispiele fiir Dissozia- 
tionsvorginge dieser Art angegeben werden. 


Experimentelles 
Die Entladungsréhre, mit der das Verhalten organischer Molekiile in der 


Glimmentladung untersucht wird sowie die Eigenschaften einer solchen Entladung 


1] H. Scntcer und M. Srocksurcer, Spectrochim. Acta 15, 841 (1959) 
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sind bereits eingehend beschrieben worden [2]. Dabei handelt es sich bei dieser 
Entladungsapparatur zunichst um die Erzeugung und Beobachtung von Emissions- 
spektren. Fiir den Nachweis von Molekiilen, die wihrend der Entladung entstehen, 
ist die Emission nicht immer das geeignete Mittel, weil nicht alle Substanzen 
spezifische Emissionsspektren aufweisen. Zum Nachweis der entstandenen 
Molekiile ist es deshalb oft zweckmissiger, deren Absorptionsspektren zu benutzen. 


100 


5000 4000 3000 2500 
a, A 


Abb. 1. Absorptions- und Emissions-messungen bei einer Entladung mit 9,10-Dihydro- 

anthracen, (a) Ungestérte Emission der Wasserstofflampe. (6) Anderung der Kurve a durch 

die Absorption des strémenden 9,10-Dihydroanthracens. (c) Bei eingeschalteter Entladung 

erscheint zusdtzlich die Absorption des gebildeten Anthracens. (d) Emissionsspektren 
des 9,10-Dihydroanthracens und des gebildeten Anthracens. 


Hierzu diente das Kontinuum einer Wasserstofflampe. Das von ihr ausgehende 
Licht geht, mit Hilfe einer Quarzlinse parallel gerichtet, durch den Beobachtungs- 
raum der Entladungsréhre. Eine zweite Quarzlinse bildet das parallele Lichtbiindel 
auf den Eintrittsspalt eines mittleren Hilger-Quarz-Spektrographen ab. Mit 
dieser Linse wird gleichzeitig das Emissionsleuchten aus dem Entladungsrohr auf 
den Spalt abgebildet. Ein Multiplier, dessen Eintrittsspalt auf der Fokuslinie 
des Spektrographen entlanggleitet, und ein Linienschreiber dienen zur Registrierung 
der Spektren. Die Nachweismethode soll an Hand der Abb. 1 erliutert werden. 
Dort zeigt die Kurve (a) den Intensitiétsverlauf des H,-Kontinuums in Abhingigkeit 
von der Wellenlinge bei evakuierter oder mit He gefiillter Entladungsréhre. Lisst 
man nun die Untersuchungssubstanz (in diesem Fall 9,10-Dihydroanthracen) 


(2) H. und M. Srockxsurcer, Z. Naturforsch. 14a, 229 (1959). 
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durchstrémen, dann erhilt man die Kurve (6). Aus (a) und (6) lisst sich bei 
bekanntem Extinktionskoeffizienten die Konzentration der Muttersubstanz 
bestimmen. Schaltet man die Entladung ein (1,5 mA), so ergibt sich eine Kurve 
(c), in der neben den Banden der Muttersubstanz neue ausgeprigte Absorptions- 
banden im Gebiet von 2900-3700 A zu erkennen sind. Diese zeigen die Entstehung 
eines neuen Molekiils in der Entladung an, und zwar handelt es sich bei diesem 
Beispiel um die Bildung von Anthracen aus 9,10-Dihydroanthracen. Nach 
Abschalten der Entladung wird das gebildete Anthracen durch die strémende 


Tabelle 1. 
Muttermolekule Gebiidete Molekule 


Diphenyimethon Fiuoren 


9,10- Dinydrophenanthren 


SO 


O- Terpheny! 


2,3-Diphenyibutan 9, 10- Dimethyidihydro- 
CHy CHy Cry 


OO OD) 
2-Fluordipheny! Diphenylen 


Untersuchungssubstanz aus der Réhre herausgespiilt und man misst wiederum die 
Kurve (6). Die Kurve (d) zeigt das reine Emissionsspektrum der Entladung bei 
abgeblendeter Wasserstofflampe. Die Banden zwischen 3600 und 4400 A stellen 
hierbei das Emissionsspektrum des gebildeten Anthracens dar (S’ -> S—Ubergang), 
wahrend das flache Kontinuum von 2900-3600 A der Emission des 9,10-Dihydro- 
anthracens entspricht. Hier liegt also der giinstige Fall vor, dass man das neu 
entstandene Molekiil in Absorption und Emission nachweisen kann. Aus der 
Extinktion des Anthracens und des Dihydroanthracens ergibt sich, dass bei dem 
vorliegenden Versuch etwa 4-6 °,, des Dihydroanthracens in Anthracen umgewandelt 
wurden, 


Ringschlussreaktionen durch Molekiilabspaltung 


Mit dieser Methode konnten nun zunichst die in Tabelle 1 angegebenen neu 
gebildeten Molekiile nachgewiesen werden. Ein Vergleich zwischen dem Mutter- 
molekiil und dem jeweils neu gebildeten Molekiil zeigt, dass es sich bei allen sechs 
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Beispielen um den Prozess eines Ringschlusses handelt. Dieser Ringschluss 
verlangt die Abtrennung zweier H-Atome und im Fall 6 eines H- und eines 
F-Atoms. Es gibt nun grundsitzlich zwei Deutungsmdéglichkeiten fiir diesen 
Prozess. Die eine Méglichkeit besteht darin, dass die beiden abzutrennenden 
Atome in zwei aufeinanderfolgenden Elektronenstossprozessen abgespalten werden 
und dass erst danach die beiden freien Elektronen eine Bindung eingehen, die zum 
tingschluss fiihrt. Die andere Méglichkeit ist die, dass dieser Prozess durch einen 
Elektronenstoss zustande kommt. Dazu ist aber Voraussetzung, dass die beiden 
in Frage kommenden Atome, die ja bei der Briickenbildung verschiedenen 
Phenylringen angehéren miissen, schon im Muttermolekiil sich riumlich sehr nahe 
kommen und daher leicht in Wechselwirkung treten kénnen. Dies ist bei allen 
sechs Muttermolekiilen der Tabelle | in bestimmten Lagen der beiden Phenylringe, 
die den Ringschluss ausfiihren, der Fall. Am Beispiel des cis-Stilbens (3) und des 
o-Terphenyls (4) ist in Abb. 2 die Uberlagerung der beiden Wasserstoffatome in 
einer giinstigen Stellung der beweglichen Phenylringe zu erkennen. In dieser 
Lage wird im Grundzustand des Muttermolekiils zunachst keine Reaktion eintreten. 
Erst wenn das Muttermolekiil durch Elektronenstoss die nétige Energie erhilt, 
kann ein Prozess stattfinden, bei dem als Folge eines einzigen Elektronenstosses 
die in Wechselwirkung befindlichen H-Atome abgetrennt werden, sich zu einem 
H,-Molekiil umbilden, und der Ringschluss vollzogen wird. Dieser Vorgang lisst 
sich durch die Darstellung eines intermediiiren Zustandes veranschaulichen. Als 


Beispiel sei hier cis-Stilben gewihlt. Aus dieser Darstellung kann man auch die 


Energiebilanz dieses Prozesses entnehmen. 
(1) Abtrennung der beiden H-Atome ~ +200 Keal. 
Bildungsenergie des H,-Molekiils ~ —100 Keal. 


Energie, die beim Ringschluss frei wird ~ —100 Keal. 


Wenn noch beriicksichtigt wird, dass beim Ringschluss dass Molekiil in eine ebene 
Lage iibergeht (siehe Abb. 2) und dadurch noch Resonanzenergie frei wird, so 
ist dieser Prozess energetisch noch mehr begiinstigt. Fiir die Aktivierungsenergie, 
welche die Reaktion einleitet, steht die Anregungsenergie des Muttermolekiils 
zur Verfiigung. Der hier diskutierte Vorgang fihrt also dazu, dass sich das durch 
einen Elektronenstoss angeregte Molekiil in einem innermolekularen Prozess zu 
zwei neven Molekiilen umbildet 

Die zuerst diskutierte Méglichkeit, bei der zwei zeitlich aufeinanderfolgende 
Elektronenstésse zum Ringschluss fiihren, kommt hier nicht in Betracht. In 
diesem Fall wiirde durch den ersten Elektronenstoss eines der beiden H-Atome 
entfernt und das entsprechende Radikal gebildet. Die Wahrscheinlichkeit, dass 
ein solches Radikal gerade einen zweiten giinstigen Elektronenstoss erlebt, der 
zur Abtrennung des zweiten H-Atoms und zum Ringschluss fiihrt, ist nach den 
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bisherigen Erfahrungen in der Glimmentladung sehr klein. Diese Deutung wiirde 
also in Widerspruch stehen mit den relativ grossen Ausbeuten an Molekiilen, die 
durch Ringschluss gebildet werden. Diese Ausbeuten betragen einige °, der 
Muttersubstanz. Eine Ausnahme bildet das Beispiel (6), wo die Ausbeute an 
Diphenylen aus 2-Fluordiphenyl wesentlich kleiner ist. 

Fiir die zweite Méglichkeit der Ringschlussbildung durch einen Elektronenstoss 
spricht vor allem die relativ hohe Ausbeute bei einer Stromdichte von nur 1-2 
mA/em?. Ausserdem ist ja, wie schon oben erwihnt, bei allen sechs Molekiilen die 


sterische Voraussetzung fiir diesen Prozess gegeben. Im folgenden soll noch ein 


wichtiges Argument angegeben werden. 
Der hier diskutierte Prozess lisst sich durch ein vereinfachtes Reaktionsschema 


darstellen. 


(1) A +e—~+A*® 
(2) A* >B+C 
(3) B+e— Bt se 
(4) B* > B+ hy 


[B) 
(Il) | B*)] 


lle] 


Hierbei bedeuten A und A* das nicht angeregte bzw. angeregte Muttermolekiil, 
e ein Elektron, das die notwendige Anregungsenergie besitzt, B das durch 
Ringschluss gebildete und C das dabei abgespaltene Molekiil, c, und c, konstante 
Gréssen und i die Entladungsstromstirke. Die in eckigen Klammern stehenden 
Gréssen stellen Konzentrationen dar. Das Reaktionsschema sagt nacheinander 
folgendes aus: Das Muttermolekiil A wird durch einen Elektronenstoss angeregt. 
Aus dem angeregten Molekiil entsteht dann durch Ringschluss das Molekiil B, 
das Molekiil C wird dabei abgetrennt. # wird in einem zweiten Elektronenstoss 
angeregt und strahit dabei das Lichtquant hy ab. 

Wie aus Gleichung (1) und (IL) hervorgeht, ist die Konzentration von B der 
Elektronendichte bzw., wie friiher [2] gezeigt wurde, der Entladungsstromstirke 
proportional, die Konzentration von B* dagegen deren Quadrat. Ein direkter 
Nachweis fiir die Richtigkeit des Reaktionsschemas laisst sich nun dadurch 
erbringen, dass man einerseits die Konzentration der durch Ringschluss gebildeten 
Molekiile B in Abhingigkeit von der Stromstirke durch Absorptionsmessungen 
bestimmt und andererseits die Intensitit des Emissionsspektrums von B, die ja 
[B*] proportional ist, in Abhingigkeit von der Stromstirke misst. Im Falle der 
Bildung von Fluoren aus Diphenylmethan (siehe Tabelle 1) wurden solche 
Messungen ausgefiihrt. Der Konzentrationsverlauf des durch Ringschluss gebil- 
deten Fluorens in Abhingigkeit von der Stromstirke wurde mit Hilfe seiner 
Absorptionsbande bei 2975 A bestimmt (O—O Bande) und ist durch Kurve (1) 
der Abb. 3 wiedergegeben. Zuerst steigt die Konzentration etwa linear an, um 
bei héheren Werten der Stromstirke von dieser Linearitait etwas nach unten 
abzuweichen. Ohne die Griinde fiir diese Abweichungen von der Linearitit an 
dieser Stelle niher zu diskutieren (siehe [2]) kann aus diesem Kurvenverlauf 
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abgelesen werden, dass das Fluoren als Folge eines Elektronenstosses aus Dipheny!l- 
methan entsteht. Die Abhingigkeit der Intensitit des Emissionsspektrums des 
Fluorens von der Stromstirke ist in Kurve (2) der Abb. 3 dargestellt. Diese 
Kurve steigt etwa um eine Potenz des Stromes stirker an als die Kurve (1), was 
der Tatsache entspricht, dass das im ersten Elektronenstoss gebildete Fluoren 
durch einen zweiten Stoss angeregt wird, um dann sein Emissionsspektrum aus- 
zustrahlen. Dieses Beispiel bestitigt also den oben angegebenen Reaktions- 
mechanismus und ergibt damit eine weitere Stiitze fiir die Annahme, dass 


Diphenyime thon Fiuoren 


Kurve | 


Konzentr 


/ mA 


Abb. 3. Kurve (1): Konzentrationsverlauf des aus Diphenylmethan gebildeten Fluorens 
in Abhangigkeit von der Entladungsstromstarke. Kurve (2): Intensitat des Emissions- 
spektrums des gebildeten Fluorens in Abhangigkeit von der Entladungsstromstarke. 


Ringschluss und Molekiilabspaltung als Folge eines einzigen Elektronenstosses vor 
sich gehen. 

Der Vollstandigkeit halber sei hier noch erwihnt, dass beim Toluol und 
Athylbenzol 9,10-Dihydrophenanthren nachgewiesen werden kann. Da sich bei 
beiden Substanzen in der Entladung Dibenzy! bildet, ist dies verstindlich, denn 
Dibenzy! geht, wie Zeile (2) der Tabelle 1 zeigt, durch Ringschluss zum 
9,10-Dihydrophenanthren tiber. 


Bildung von Doppelbindungen durch Molekiilabspaltung 


Die Molekiilabspaltung braucht nicht immer verbunden zu sein mit einem 
Ringschluss, sondern es kann an seine Stelle die Ausbildung einer Doppelbindung 
oder eines aromatischen Ringes treten. Drei Beispiele fiir solche Prozesse sind bis 
jetzt gefunden worden. Sie sind in Tabelle 2 dargestellt. Im Fall 1 liegen beim 
9,10-Dihydrophenanthren die in Wechselwirkung befindlichen H-Atome an zwei 
benachbarten C-Atomen, so dass eine Abspaltung des H,-Molekiils die Ausbildung 
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der Doppelbindung zur Folge haben muss. So kann das in Absorption nachgewiesene 
Phenanthren ebenfalls als Folge eines Elektronenstossprozesses entstehen. Im 
Fall 2 ist die Wechselwirkung von zwei H-Atomen an den C-Atomen 9 und 10 


Tabelle 2. 


Muttermolekule Gebiidete Molekule 


9,10—Dihydrophenonthren Phenanthren 


i \ 
OAD 


9,10-Dihydroanthracen 


- 


iso-Propy!benzol Styrol 
CHy 


4 
Lal al lal 


sterisch begiinstigt, wie das in Abb. 4 gezeigte Modell erkennen lasst. Durch die 
Abspaltung des H,-Molekiils bildet sich der mittlere Ring zu einem aromatischen 
Ring um und es entsteht Anthracen, das durch sein Absorptions- und Emissions- 
spektrum nachgewiesen wird (siehe auch Abb. 1). Analog zu Abb. 3 beim Fluoren 


9,10- Dihydroonthr. Anthracen 


Kurve | 


Konzentr 


Abb. 5. Kurve (1): Konzentrationsverlauf des aus 9,10-Dihydroanthracen gebildeten 

Anthracens in Abhangigkeit von der Entladungsstromstirke. Kurve (2): Intensitat des 

Emissionsspektrums des gebildeten Anthracens in Abhangigkeit von der Entladungs- 
stromstarke. 


ist in Abb. 5, Kurve (1), der aus der Absorptionsintensitait bestimmte Konzentra- 
tionsverlauf des Anthracens in Abhingigkeit von der Stromstirke wiedergegeben. 
Auch hier weist der annihernd lineare Verlauf auf eine Entstehung des nicht 
angeregten Anthracens durch einen Elektronenstoss hin. Ebenso zeigt die 
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Abhiingigkeit der Intensitiit des Emissionsspektrums von der Stromstirke (Kurve 
(2)), dass das gebildete Anthracen erst durch einen zweiten Elektronenstoss in den 
angeregten Zustand iibergeht und dann sein Emissionsspektrum ausstrahlt. 
Im Fall 3, Tabelle 2, ist die Molekiilabspaltung in der Seitenkette eines aromatischen 
Ringes beobachtet worden. Sie fiihrt vom iso-Propylbenzol zum Styrol unter 
Abspaltung eines CH,-Molekiils. Dieser Befund ist bereits friiher [1] diskutiert 
und mit den Ergebnissen von PorrerR und Srracuan [3] verglichen worden. In 
diesem Zusammenhang sei noch erwihnt, dass z.B. Turusu [4] die Bildung von 
Athylen und Jodwasserstoff aus Athyljodid in einem primiiren photochemischen 
Prozess diskutiert hat. 


Bildung von “Biradikalen” durch Molekilabspaltung 
Ein Prozess der Molekiilabspaltung scheint auch bei der Entstehung von 
Diphenylen aus Fluorbenzol, Chlorbenzol und Phenylacetylen vorzuliegen (siehe 
Tabelle 3). Beim Fluorbenzol ist die Ausbeute an Diphenylen besonders stark und 
betrigt bei den iiblichen Entladungsbedingungen 0,3—0,4°,, der Muttersubstanz, 


Tabelle 3. 


Muttermolekule 


Cniorbenzo 


~ 


Phrenylocetyien 


wihrend die Ausbeuten beim Chlorbenzol und Phenylacetylen etwa um den 
Faktor 10 kleiner sind. Abb. 6 zeigt die beiden ersten Elektronen-Uberginge der 
Diphenylenabsorption in der Gasphase. Beide Ubergiinge zeigen eine ausgepriigte 
Bandenstruktur. Die Extinktion des zweiten Uberganges ist etwa zehn-mal 
grésser als diejenige des ersten Uberganges. Fiir den Nachweis des Diphenylens 
wurde der erste Elektroneniibergang benutzt. 

Eine Méglichkeit fiir die Entstehung des Diphenylens ist in Tabelle 3 aufgezeigt. 
Der Prozess wird eingeleitet durch eine Molekiilabspaltung am aromatischen 
ting. wobei der starke Effekt beim Fluorbenzol dadurch verstindlich wird, dass 
das elektronegative Fluor eine grosse Affinitat zu dem benachbarten Wasserstoff hat 
und somit eine Molekiilabspaltung besonders begiinstigt. Das entstehende 
“Biradikal” (‘““Dehydrobenzol”, in der Tabelle 3 ganz schematisch durch zwei 


G. Porter und E. Srracuan, Trans. Faraday Soc. 54, 1595 (1958). 
4) B. A. Turusn, Proc. Roy. Soc. \243, 555 (1958). 
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Punkte dargestellt) kann sich zum Diphenylen dimerisieren, wenn die Lebensdauer 
des Biradikals so gross ist, dass es die am hiufigsten auftretenden Stésse mit 
Muttermolekiilen iiberdauert, so dass Stésse zwischen Biradikalen noch mit 
ausreichender Wahrscheinlichkeit vorkommen. Eine Dimerisation von Mono 
tadikalen unter den hier iiblichen Entladungsbedingungen ist bereits bekannt, z.B. 
die Bildung von Dibenzyl aus zwei Benzylradikalen, die beim Toluol und Athylben- 
zol beobachtet wird. Da bei einem Biradikal zwei freie Elektronen im Molekiil 


Diphenylen 


Abb. 6. Absorptionsspektren des ersten und zweiten Elektroneniiberganges des Diphenylens 
Der Ordinatenmassstab ist beim zweiten Ubergang zehn mal kleiner gewahlt. 


vorhanden sind, die durch Spinwechselwirkung den Elektronenzustand stabilisieren 
kénnten, kénnte die Lebensdauer eines Biradikals im Gaszustand grésser sein als 
diejenige eines Mono-Radikals, so dass eine Dimerisation des Dehydrobenzols 
zum Diphenylen durchaus méglich wire. Ein Aufbau des Diphenylens in der 
Weise, dass sich zuerst zwei Fluorbenzolmolekiile unter Abspaltung von HF zu 
2-Fluordiphenyl zusammensetzen ist wenig wahrscheinlich. Zwar bildet sich, wie 
Zeile (6) der Tabelle | zeigt, aus 2-Fluordipheny] unter Ringschluss das Diphenylen, 
aber die Ausbeute ist in diesem Fall wesentlich kleiner als beim Fluorbenzol, so 
dass die starke Diphenylenbildung aus Fluorbenzol iiber den Zwischenzustand 
des 2-Fluordiphenyls nicht erklirt werden kann. 

Der Vierring beim Diphenylen bildet sich offensichtlich am leichtesten aus bei 
einer Dimerisation des ‘‘Dehydrobenzols”’. Beim 2-Fluordipheny! ist der 
tingschluss zum Vierring schon wesentlich erschwert. Dass er iiberhaupt auftritt, 
ist nur durch die starke Wechselwirkung des Fluoratoms mit dem entsprechenden 
H-Atom zu verstehen, denn beim Diphenyl, wo das Fluor durch ein Wasser 
stoffatom ersetzt ist, wird keine Diphenylenbildung mehr beobachtet. 

Die hier angefiihrten Beispiele zeigen, dass der Prozess der Molekiilabspaltung 


in der Gasphase iiber angeregte Molekiilzustiinde ein ganz allgemeiner Vorgang ist, 
der dann eintritt, wenn auf Grund der sterischen Verhiltnisse im Molekiil eine 
Wechselwirkung zwischen den abzutrennenden Atomen bzw. Atomgruppen 
Der Gaszustand, wo das reagierende Molekiil als isoliertes System 


méglich ist. 
betrachtet werden kann, ist fiir das Studium innermolekularer Vorgiinge besonders 
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geeignet, weil hier der Reaktionsablauf durch umgebende Molekiile nicht beeinflusst 
werden kann, wie dies bei Beobachtungen im gelésten Zustand der Fall ist. 


Zusammenfassung 


In einer speziellen Entladungsréhre* ist das Verhalten einer Anzahl aromatischer 
Molekiile bei Anregung durch Elektronenstoss untersucht worden. Aus den 
erhaltenen Absorptions- und Emissionsspektren konnten eine Reihe neu gebildeter 
Molekiile nachgewiesen werden, deren Entstehung auf einen gemeinsamen Prozess 
zuriickgefiihrt werden kann. Das angeregte Muttermolekiil spaltet dabei in einem 
innermolekularen Prozess ein kleineres Molekiil (H,, HF, HCl, C,H,, CH,) ab; 
gleichzeitig stabilisiert sich der Rest durch Ringschluss oder Bildung einer 
Doppelbindung zu einem neuen Molekiil. Wenn Ringschluss oder Bildung einer 
Doppelbindung nicht méglich sind, dann wird durch die Molekiilabspaltung ein 
Biradikalzustand geschaffen, womit der innermolekulare Vorgang beendet ist. 
Erst durch Dimerisation des Biradikals bildet sich dann ein neues stabiles Molekiil. 


Anerkennung—aAn dieser Stelle sei Herrn Diplom-Chemiker K. Prenat gedankt fur Diskussions- 
beitrige und die Beschaffung der Priiparate. Das verwendete Diphenylenpraparat haben wir 
durch das freundliche Entgegenkommen von Prof. Wrrric und Dr. HARLE aus dem Chemischen 
Institut der Universitat Heidelberg erhalten. Die Arbeit wurde mit dankenswerter Unter- 
stiitzung der Deutschen Forschungsgemeinschaft durchgefuhrt. 


* In der Literatur als ‘‘Entladungsréhre nach Schiller’ bezeichnet. 
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The effects of oxygen on line intensities 
during spark excitation 


T. P. Scurerper and R. F. Maskowsk1 
Research Laboratories, General Motors Corporation, Warren, Michigan 


(Received 4 August 1957; in amended form 30 July 1959) 


Abstract—Using a nickel base alloy as a sample and point-to-plane electrode geometry, the 
atmospheric composition of the analytical gap was varied by introducing different mixtures of 


oxygen, nitrogen and argon and by using graphite and copper counter-electrodes. Variations 
in the oxygen content of the analytical gap produced large changes in (1) the physical appearance 
of the spark burns, (2) the general spectral intensity, (3) the intensity ratio of a Ni LII to a 
Ni I line, (4) the intensity ratio of analytical line pairs, and (5) the time necessary for the analytical 


intensity ratios to reach equilibrium. The variations in the above parameters show interesting 


and important correlations. 
The best analytical results were obtained with a graphite counter-electrode and an atmosphere 


without oxygen, although highly oxidizing conditions were satisfactory for some elements. 
Analytical curves were not obtained for intermediate conditions because the intensity ratios 
were markedly time dependent. 


Introduction 

Tue effect of oxidation in the sparked area of a sample upon spectrochemical 
analysis has been considered by many authors [1-6]. DeWaat [4] and Kem [5] 
attribute to electrode oxidation the variations they observed in time-intensity 
curves of matched analytical line pairs. NacuTR1es [6] indicates that such intensity 
ratio variations are caused by a gradual change in electrode volatility and emissivity 
resulting from the formation of metal oxide films in which reaction kinetics are 
important. Frmimonov [7] has related interelement effects in ferrous alloys to 
selective oxidation in the sparked area and Jonzs [8, 9] indicates that oxidation 
affects the rate of electrode erosion. 

The surface oxidation of metals as described in the literature [10-18] is a 


[1] G. Diexe, A Study of Standard Methods for Spectrographic Analysis. National Research Council 
Report No. W-72 (1944). 
{2} J. Van Catxker, Spectrochim. Acta 2, 340 (1943). 
{3} V. V. Natimov and K. I. Ionova, Zhur. Anal. Khim 9, 76 (1954). 
[4] D. M. pDEWAAL and A. Srrasnerm, Spectrochim. Acta 3, 141 (1948). 
[5) A. Ker, Spectrochim. Acta 7, 367 (1956). 
(6) N. H. Nacurries, Principles and Practices of Spectrochemical Analysis pp. 214-216. MeGraw-Hill, 
New York (1950). 
7) L. N. Frumownov, Zavodskaya Lab. 15, 1178 (1949). 
{8| L. Jones, Proc. Phys. Soc. (London) 62, 366 (1949). 
[9| L. Jonges, Proc. Inst. Elec. Engrs. (London) 96, 305 (1949). 
{10} P. D. Danxov, Zhur. Fiz. Khim 26, 753 (1952). 
[ll| T. Moreau and J. Brxarp, Compt. rend. 237, 1417 (1953). 
[12] G. Hongo, Proc. Phys. Soc. Japan 8, 113 (1953). 
{[13) O. Kusascnewsk1 and B. E. Horkrys, Oxidation of Metals and Alloys. Academic Press, London 
(1953). 


[14] H. Prerer and K. Haurre, Z. Metallk. 43, 364 (1952). 

[15) 8S. 8. Brenner, J. Electrochem. Soc. 102, 7 (1955). 

[16] V. MALaMAND and G. Vipat, Compt. rend. 240, 186 (1955). 
[17] L. Brewer, Chem. Revs. 52, 1, (1953). 

[18] L. Brewer and D. F. Mastic, J. Chem. Phys. 19, 834 (1951). 
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complex process involving diffusion and chemical exchange reactions. X-ray and 
electron diffraction techniques along with theoretical studies indicate that the 
composition of oxide films on metals vary with time [10], thickness [11], and the 
oxygen concentration at the surface [12]. It has been observed that the addition of 
alloying constituents affects the rate of alloy oxidation [13-15] and that the most 
easily oxidized constituents react in preference to others [12]. Concentration 
gradients for some elements have been found in the metal directly under an oxide 
film {16}. A table of melting points and vaporization and dissociation temperatures 
of oxides has been compiled {17}. Three distinct methods of vaporization of oxides 
have been given [18]: (1) vaporization as a stable oxide (e.g. CuO); (2) vaporization 
by loss of oxygen (e.g. 6Fe,0,—> 4Fe,0, + O,) and (3) vaporization by de- 
composition to elements (e.g. 2 NiO — 2Ni + O,). 

The experiments described in this paper indicate some of the large intensity and 
intensity ratio variations that can be obtained by varying the oxygen concentration 
at the sparked surface. 

Experimental procedures 


Nickel alloy samples were sparked in mixtures of oxygen, nitrogen and argon which were 
intermixed by pairs in measured proportions. Seventeen different proportions of each pair of 
gases were used. The gas mixtures were introduced into the spark gap through a plastic tube 
(5-5 mm inside diameter by 12 cm long) situated between the gap and spectrograph slit. The exit 
end of the tube was placed 1 em from the gap so that the gas stream impinged upon the sample 
surface and enveloped the tip of the counter-electrode. The flow rate was 6-6 1./min. Although the 
degree of ambient air entrainment is not known and may be significant, this method of introducing 
the gas into the gap has been found to be effective and repeatable and has been used satisfactorily 
for routine analysis [19]. 


Table 1. Nominal composition of GMR-235, nickel-base alloy 
Cr Fe Mo Al Ti Si Mn B Ni 


156% 10% 5% %3% #+$§%}2% 05% 05% 005% Balance 


The sample employed was a nickel base alloy with the nominal composition given in Table 1. 
This material was chosen because previous work had indicated that its spectral intensity was 
markedly affected by the sparking atmosphere [19]. This type of alloy has also been used by 
others [10, 11, 16) to study the effect of surface oxidation at high temperatures. 

Point-to-plane electrode geometry was used with the source parameters given in Table 2. 
Because the counter-electrode material can play an important part in sample oxidation [11] and 
excitation processes, counter-electrodes of graphite and copper were used. 

Preliminary intensity measurements were made on spectral lines of nickel, chromium, iron, 
aluminum, titanium and manganese as a function of the atmosphere composition for the two 
different counter-electrodes. The intensity ratios of aluminum to nickel lines and titanium to 
nickel lines showed almost identical and the largest variations with changes in atmosphere 
composition. The intensity ratio variations for the other elements were similar but less pro- 
nounced. Because it represented the largest effect observed, only the intensity ratio of aluminum 
to nickel was investigated in detail. The specific data obtained were: (a) the spectral intensity 
of the matrix material, nickel, as represented by the relative intensity of Ni I 3064-6 A; (b) the 
intensity ratio of a nickel spark to are line [20], represented by Ni IIL 2448-4 A/Ni I 2419-3A 
and (c) the intensity ratio of the analytical line pair Al I 3082-2 A/Ni I 3064-6 A. The time 
variation of the last line pair was also measured. The spark burns on the sample were carefully 
examined with a 45-power microscope. 


[19) T. P. Scurerper and P. V. Monan, Appl. Spectroscopy 12, 6 (1958). 
[20) A.S.T.M. Com»irrre E-2, Methods for Emission Spectrochemical Analysis p. 68 (1957). 
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The relationship between the Ni III/Ni I intensity ratio and the Al/Ni intensity ratio was 
studied by varying the electrical source parameters for samples sparked in atmospheres of argon 
and nitrogen with a graphite counter-electrode. Source conditions were chosen on the basis of 
previous work [21] to produce large changes in the Ni III/Ni I intensity ratio. 


Table 2. Experimental parameters 


Spectrograph : Bausch and Lomb large Littrow 
Source: National Spectrographic Laboratories air interrupted 
Discharges/half cycle: 4 
Inductance 22 wH total 
Capacity 0-0104 total 
R.F. current 14 A (r.m.s.) 
Prespark 30 sec 
Exposure 20 sec 
Counter-electrode Graphite (6-2mm dia.) and copper (5-0 mm dia.); 
120° cone 
Analytical gap 2mm 
Atmosphere * Oxygen-nitrogen, oxygen—argon and nitrogen—argon 
mixtures and pure gases at 6-6 1./min through a tube 
(5-5 mm inside diameter by 12 cm long) situated so 
that the gas enveloped the spark gap. 


* The specifications of the oxygen content of the commercial gases used in the experiment are: 
argon, 0-0005°,, maximum oxygen; nitrogen, 0-1°, maximum oxygen. 


Experimental results 


Figs. 1, 2, 3 and 4 show the data obtained using a graphite counter-electrode 
and indicate several interesting effects. In Fig. 1, for example, the difference 
between the intensity maxima and minima for curves (a) and (b) is very large. 
In Fig. 2 the maxima on curves (a) and (b) occur at atmosphere compositions for 
which the slopes of the intensity curves in Fig. 1 are the greatest. Fig. 3 shows a 
large change in Al/Ni intensity ratio, curves (a) and (b), with the maxima occurring 
at the points of minimum intensity. Fig. 4 shows that the Al/Ni intensity ratio is 
a function of not only atmosphere but also of time. (Only a slight time-dependence 
was observed for the data shown in Fig. 1.) The curves obtained with the argon- 
nitrogen mixtures, curve (c) in Figs. 1, 2, 3 and 4, indicate that the large changes 
in relative intensity, Ni III to N I intensity ratio, and Al to Ni intensity ratio are 
caused by oxygen. 

The above comments also apply to the copper counter-electrode curves shown 
in Figs. 5, 6, 7 and 8 with the exception of curve (c). The main difference is that 
the copper counter-electrode curves correspond to the high oxygen half of the 
graphite counter-electrode curves and that the curves, (c), obtained with the 
argon—nitrogen mixtures show changes of the same magnitude as the mixtures 
containing oxygen. 

Fig. 9 shows three distinct types of burns, a “‘black”’ burn (burn 1), a “‘superficial”’ 
burn (burn 3), and a “‘violent’’ burn (burn 5). 

When viewed with a low magnification microscope (45 x ), the central portion of 


[21] T. P. Scurerser and D. L. Fry, Spectrochim. Acta 13, 99 (1958). 
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the ‘“‘black’’ burn shows signs of melting and resolidification of the metal into small 
flattened globules. The surfaces of the globules are shiny and range in color from 
metallic through bronze to blue. The periphery of the spark crater is surrounded 


° 
A 


Ni 30646 


Relative intensity 


20 30 60 80 100 


Atmosphere composition 


Fig. 1. Nickel relative intensity curves for the various atmospheres using graphite 
counter-electrodes. 
Curve (a): Percentage oxygen (remainder nitrogen). 
Curve (b): Percentage oxygen (remainder argon). 
Curve (c): Percentage argon (remainder nitrogen). 
Nore: In Figures 1-8 the type of burn is indicated by the shading— 


“violent” burn; 


“black” burn; 

“superficial’’ burn. 
by a black deposit of graphite* and the crater itself penetrates only slightly below 
the surface of the sample. 

The central portion of the “superficial’’ burn consists of many very small 
globules of resolidified metal. The surface of the sample is only lightly attacked 
by the spark and many of the grinding marks from the 120 grit belt used in 


‘ 


* X-ray diffraction analysis of the black deposit indicates that its major constituent is graphite. 
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20 


Ni & 


Intensity rotio 


20 40 60 80 100 
Atmosphere composition 


Fig. 2. Spark-to-are ratio curves for nickel for the various atmospheres using graphite 
counter-electrodes. 
Curve (a): Percentage oxygen (remainder nitrogen). 
Curve (b): Percentage oxygen (remainder argon). 
Curve (c): Percentage argon (remainder nitrogen). 
See note under Fig. 1. 


Al 130822 4 
Ni 1306464 


Intensity ratio 


80 100 
Atmosphere composition 
Aluminum to nickel ratio curves for the various atmospheres using graphite 
counter-electrodes. 
Curve (a): Percentage oxygen (remainder nitrogen). 
Curve (b): Percentage oxygen (remainder argon). 
Curve (c): Percentage argon (remainder nitrogen). 
See note under Fig. 1. 
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preparing the sample are still observable in the spark crater. The periphery of the 
burn is surrounded by a white deposit and the crater itself is 50 per cent smaller 
in diameter than that obtained with the “black” burn. 

The “violent” burn crater is much deeper than the “black’’ burn crater. It 
penetrates the surface by as much as } mm and contains large resolidified droplets. 
The periphery of the burn is surrounded by a dark brown deposit. 


40 
Percent oxyen 
(remainder nitrogen) 


Fig. 4. Time variation of the aluminum—nickel curve for the oxygen—nitrogen atmospheres 
using graphite counter-electrodes. These curves are plotted for six consecutive 10 sec 
intervals in a total 60 sec spark period, and are numbered in order of time: #1 first 10 sec; 
#2 second 10 sec; ete. 
See note under Fig. 1. 


As the oxygen content is varied, there is a smooth transition from one type of 
burn to the next as shown in Fig. 9. The burns obtained for oxygen—argon 
atmosphere are very similar, except that the “black” burns have a heavier graphite 
deposit. 

With oxygen—nitrogen mixtures and a copper counter-electrode, only the 
“superficial” burn (burn 1’) and the “‘violent’’ burn (burn 5’) are observed, and 
again the transition is smooth. 

The burns for the argon—nitrogen atmosphere are all “black’’ burns when a 
graphite counter-electrode is used and all ‘superficial’ when a copper counter- 
electrode is used. 
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Fig. 5. Nickel relative intensity curves for the various atmospheres using copper counter-electrodes. 
Curve (a): Percentage oxygen (remainder nitrogen). 
Curve (b): Percentage oxygen (remainder argon). 
Curve (c): Percentage argon (remainder nitrogen). 
See note under Fig. 1. 


20 


20. 40 +60 60 100 
Atmosphere composition 


Fig. 6. Spark-to-are ratio curves for nickel for the various atmospheres using copper 
counter-electrodes. 
Curve (a): Percentage oxygen (remainder nitrogen). 
Curve (b): Percentage oxygen (remainder argon). 
Curve (c): Percentage argon (remainder nitrogen). 
See note under Fig. 1. 


997 


= 
/ 
4 
| 
| | 
| 
Or 
| 
| | 
| 
O5} 
} 
@ 
> 
= 
oa | 
| 
¢ } 
Le 
22 
x 


T. P. ScurerBer and R. F. Maykowsk! 


Discussion 

There is a direct correlation between the physical appearance of the spark 
burns, spectral intensity and the Al/Ni intensity ratio. As indicated in Figs. 1-8, 
the ‘superficial’ type of burn results in a low spectral intensity and a high and 
time-dependent Al/Ni intensity ratio. The “‘violent’’ burn results in high spectral 
intensity and an intermediate Al/Ni intensity ratio which is somewhat time 
dependent, while the ‘‘black”’ burn results in the highest spectral intensity and the 
lowest and essentially time independent Al/Ni intensity ratio. 
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Aluminum to nickel ratio curves for the various atmospheres using copper 
counter-electrodes. 
Curve (a): Percentage oxygen (remainder nitrogen). 
Curve (b): Percentage oxygen (remainder argon). 
Curve (c): Percentage argon (remainder nitrogen). 
See note under Fig. 1. 


The low spectral intensity associated with the “superficial” burn may be 
caused by oxidation of the sparked area which reduces sample vaporization. With 
a graphite counter-electrode considerable graphite is vaporized and evidently 
provides a reducing atmosphere until the oxygen level reaches the vicinity of 
20 per cent. At this level the graphite deposit has diminished considerably and 
the characteristics of the superficial burn begin to appear. The copper counter- 


electrode, however, does not vaporize significantly so that the superficial burn 


occurs at so-called zero oxygen levels. Ina closed chamber, FrtiMonov has observed 
oxidation of steel self electrodes when only 0-3°,, oxygen was present, so that 
residual oxygen from air entrainment as the gas stream enters the spark gap as 
well as impurities in the commercial gases may have produced significant oxidation. 
The possibility of air entrainment is indicated by the variable results obtained 
with the copper counter-electrode and argon—nitrogen mixtures. 
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The effects of oxygen on line intensities during spark excitation 


Because the aluminum and nickel lines are well matched in excitation potential 
(Al I 3082-2—4-0 eV; Ni I 3064-6—4-14 eV), the changes in the Al/Ni intensity 
ratio indicated in Figs. 3, 4, 7 and 8 reflect an actual change in the composition of the 
vapor entering the analytical gap, despite the changes in excitation ‘‘temperature’”’ 
indicated by the Ni ILI/Ni I intensity ratio. The insensitivity of the Al/Ni intensity 


130822 A 
Ni 130646A 
re) 


Reiotive intensity 


Percert oxygen 
(remander nitrogen) 


Fig. 8. Time variation of the aluminum-—nickel curve for the oxygen—nitrogen atmospheres 
using copper counter electrodes. These curves are plotted for six consecutive 10 sec 
intervals in a total 60 sec spark period, and are numbered in order to time: #1 first 10 sec; 
#2 second 10 sec; ete. 
See note under Fig. 1. 


ratio to excitation was borne out by the experiment in which the Ni LII/Ni I 
intensity ratio was varied by changing the source parameters. Variations of the 
Ni III/Ni 1 intensity ratio from 0-27 to 2-35 resulted in no systematic change in the 
Al/Ni intensity ratio, which had a coefficient of variation of 2-8 per cent for the 
twenty-one values obtained. As a reference point in considering the Ni III/Ni I 
intensity ratio curves (Figs. 2 and 6), it might be mentioned that a change of 
inductance by a factor of 3-0 (e.g. 10-30 wH) will produce a factor of 1-8 change in 
the ratio. 

Because of the time-dependence of the Al/Ni intensity ratio for the superficial 
burn conditions (Figs. 4 and 8), the “black” and ‘“‘violent’’ burns are clearly 
more desirable for analytical work. 
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Applications to analytical spectroscopy 
To study the practical significance of oxidation, the analytical curves for six 
elements (Al, Si, Cr, Ti, Fe and Mo) in GMR235 alloy were determined using both 
“violent” burn and “black”’ burn conditions. The conditions were obtained by 
using four atmosphere counter-electrode combinations; oxygen with graphite 
counter-electrode, air with copper counter electrode (both “‘violent”’ burn), argon 
with graphite, and nitrogen with graphite (both “black” burn). The aluminum 


80— 


our selected atmosphere counter 
follows: (1) oxvgen- graphite; 
Points on the curves represent 


intensity ratio vs. time curves for these four combinations are shown in Fig. 10. 
The advattage of the “black” burn conditions in minimizing variations during the 
first ZU sec is apparent 

The analytical curves, which are shown in Figs. 11 to 16, were obtained with 
seven exposures on each of five standard samples. The analytical lines were 


carefully matched in excitation potential [19]. The curves exhibit the following 


‘nteresting features. All are satisfactory with respect to slope and point fit with the 
exception of the molybdenum curve for the air with copper counter electrode 
condition where the poimts scatter badly. For all elements the “black’’ burn 
condition curves are closer to each other than are the ‘“‘violent’’ burn condition 
curves. The air with copper counter electrode curves fall close to the “‘black” burn 
curves b: t are displaced to higher intensity ratios for chromium, titanium and iron. 


The oxygen with g ‘aphite counter electrode curves are always shifted to higher 


intensity ratis with the largest shift occurring for molybdenum. This large curve 
shift for molybdenum may be due to the difference in boiling point between 
molybdenum and its oxide (Mo metal boils at 4804°C and MoO, at 1151°C) [22]. 


(22) K. K. Ketrey, Bulletin 383. Bureau of Mines, U.S. Department of the Interior (1935). 
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The effects of oxygen on line intensities during spark excitation 
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Fig. 11. 
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Ni 124555 A 

Fig. 13. Fig. 14. 

Figs. 11-14 , graphite counter-electrode with an argon atmosphere. A, graphite 
counter-electrode with a nitrogen atmosphere , copper counter-electrode with an air 
atmosphere / , graphite counter-electrode with an oxygen atmosphere. Source parameters 


are those given in Table 2. 


The features of Figs. 11 to 16 outlined above indicate the large effect which 
oxygen at the sparked surface can have upon analytical curves. The variations 


occurred despite the use of prespark periods which were sufficient to obtain constant 


intensity ratios. Larger curve shifts and point scattering could be expected from 


intermediate (e.g. graphite in air) and “‘superficial’’ burn conditions, unless 


extremely long prespark times are used. 


The experiments described in this paper indicate in only a limited way the role 


of oxidation in sample vaporization but the results can be used to draw some general 


conclusions regarding sample excitation in spectrochemical analysis. 


Conclusion 
The best analytical results will be obtained when time-dependent oxidation 
reactions in the sparked area are avoided. 


This can be done by using source 
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conditions which provide a non-oxidizing environment such as the “‘black’’ burn 
conditions with nitrogen or argon as well as certain low voltage damped discharges 
[23-25]. The latter produce a relatively non-oxidizing atmosphere by vaporizing 
a large amount of graphite from the counter-electrodes. 

If samples must be sparked in an oxidizing atmosphere sufficient prespark 
should be allowed to stabilize oxidation effects. These effects are a function of the 


20 
Fe 124465 


Ni 2455-5 A 


Intensity ratio 


Fig. 15. © graphite counter-electrode with an argon atmosphere. / graphite counter- 

electrode with a nitrogen atmosphere. copper counter-electrode with an air atmosphere. 

V graphite counter-electrode with an oxygen atmosphere. Source parameters are those 
given in Table 2. 
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Ni 1 3064-64 


Fig. 16. © graphite counter-electrode with an argon atmosphere. , graphite counter- 

electrode with a nitrogen atmosphere. copper counter-electrode with an air atmosphere. 

VY graphite counter-electrode with an oxygen atmosphere. Source parameters are those 
given in Table 2. 


oxidation characteristics of the alloy system and the physical and metallurgical 
condition of the sample. Variations in oxidation characteristics caused by differences 
in the physical and metallurgical condition of samples may be the cause of matrix 
effects. 

Although the work described here was limited to nickel base alloys, a preliminary 
investigation was made into the effect of spark gap atmosphere upon other alloys. 
Low alloy steel showed no effects comparable in magnitude to those reported above 
for the nickel alloy. Aluminum, cobalt and titanium, however, show intensity 
effects similar to those for nickel. , 


[23] M. Haster and J. Kemp, J. Opt. Soc. Am. 34, 21 (1944). 


[24] R. Barrer and A. GoLtpsiatrt, Spectrochim. Acta 9, 25 (1957). 


[25| T. P. Scurerper and R. F. Maskowsk1, Spectrochim. Acta 508 (1959). 
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Focal curve and performance of the spectrograph—I 
The method of separation of beams* 


Arno ARRAK 
Belmont Smelting and Refining Works, Inc., Brooklyn, N.Y. 


(Received 7 March 1958; in revised form 20 October 1958) 


Abstract—The effect of changes in focus settings upon the speed, resolving power, line to 
background ratio, and measurement of relative line intensities by means of the spectrograph 
is reviewed, and a quantitative measure of estimating the effects of defocusing is proposed. A 
technique of measuring the focusing properties of spectrographs, based upon an extension and 
refinement of the Hartmann test, is introduced. This method (of separation of beams) yields 
focal curves corresponding to different parts of the grating surface with a very high precision. 
From the differences observable between the focal curves corresponding to different parts of the 
grating surface, defects in the optics as well as the nature and magnitude of image errors and 
aberrations can be deduced. Application of the method of separation of beams to a Jarrell-Ash 
2-25 m Ebert spectrograph yields divergent focal curves typical of coma that is present when 
concave mirrors or gratings are used for the production of a stigmatic image. 


1. Image formation in the spectrograph 
THE image of a spectral line is a diffraction pattern of finite width. The form of 
the pattern is determined by slit width, the type of illumination of the slit and 
optics, the optical properties of the spectrograph and the natural line form. The 
width of the pattern is determined by the resolving power, slit width, or natural 
breadth of the line, whichever happens to give the widest line. In order to derive 
some quantitative results we assume an approximately Gaussian intensity distri- 
bution across the line. The observed intensity of the line and hence the speed as 
well as the line to background ratio are proportional to the intensity at the central 
maximum of the diffraction pattern of the line image. Total radiant energy, on 
the other hand, is proportional to the area under the intensity distribution curve. 
It is obvious that if we keep this total energy (which is directly proportional to 
exposure) constant but widen the intensity distribution either by using a wider slit 
width or throwing the spectrum out of focus, the intensity at the central maximum 
must be reduced in order to keep the area under the curve constant. Thus, if a 
line is thrown out of focus, every point of the line image is drawn out into a line 
whose length depends upon the distance of the plate from the focal point and upon 
the angle subtended by the grating at the focal point. Intensity distribution 
along that line depends both upon the manner of illumination of the grating 
(hence, upon external optics) and upon the variation of groove form and reflectivity 
along the surface of the grating. The length of the image point is given by 


Az = 2d. (1) 


* Based on paper presented to the Twelfth Annual Meeting and Symposium of the Society for Applied 
Spectroscopy, New York, 7 November 1957. 
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where « is the angle subtended by the grating (or prism) at the focal point and d 
is the distance of the plate from the focal point. To see how this affects the form of 
the diffraction pattern of the line image, assume Ax/2 to be the standard deviation 
of the intensity distribution into which every image point is drawn out as the line 
goes out of focus. This is approximately true for gratings with uniform reflectivity 
and groove form but may be very far from truth if reflectivity and groove form vary 
along the surface of the grating. In this latter case the line will split up into several 
components as it goes out of focus and equation (1) must be applied separately to 
each component. If now the standard deviation of the intensity distribution across 
a line image at proper focus is taken as o, then the standard deviation of the de- 
focused pattern is the square root of the sum of squares of o and Av/2. The central 
intensity of the defocused pattern is thus the fraction 
o 


of the central intensity of the diffraction pattern at proper focus. The ratio k of 
the two standard deviations therefore defines a defocusing factor whose value tells 
us what fraction of the maximum speed, resolving power or line to background ratio 


Distance of picte from focal point, 


Fig. 1. Graph of the defocusing factor k, equation (2), for a spectrograph with a horizontal 
aperture ratio of 25, for several values of 2¢. The Jarrell-Ash 2-25 m Ebert spectrograph 
has this horizontal aperture ratio. 


obtainable with the spectrograph can be realized in practice if the width of the 
lines is given by 20 and the plate is at a distance d from the true focal curve. The 
value of & can be calculated as a function of d from the constants of the optical 
system. This has been done in Fig. | for a spectrograph of horizontal aperture 
ratio 25 (which corresponds to the 2-25 m Ebert spectrograph of the Jarrell-Ash 
Co.). Assuming 2¢ approximately equal to slit width or natural line breadth 
(whichever is wider) two very interesting conclusions follow from this figure. 
Firstly, there is the obvious conclusion that focusing requirements are very much 
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more critical when working with a narrow slit than with a wide slit. Secondly, it 
follows that if a narrow slit is used and the intensity ratio of a narrow line and a 
wide line is being measured the measured value may depend rather critically wpon 
the focus setting used. 

This effect can be verified experimentally in a very simple way, as shown in 
Fig. 2. This is a plot of the intensity ratio of the aluminum lines at 2669 A and 
3059-9 A as a function of slit displacement along the optic axis, obtained from the 


/ (A. 26698) //( 


18 20 2! 


Slit displacement diong the optic axis, mm 


Fig. 2. Intensity ratio of the aluminum lines at 2669 A and 3059-9 A in the spark spectrum 
of aluminum as a function of slit displacement along the optic axis. Horizontal displace- 
ment of the curve for 10 y slit is probably due to a focus shift since the data for this curve 
were obtained about 3 days earlier than the other two curves. 


spark spectrum of aluminum using three different slit widths. Al 2669 Ais anarrow 
line and its width is determined by the slit width while Al 3059-9 A is a wide 
line (owing to intermolecular Stark effect) whose width does not change very much 
over the slit displacement range covered and is essentially independent of slit 
width as well. As may be observed from the figure, the dependence of the intensity 
ratio on slit setting is already very strong when the 10 w slit is used and is probably 
affected by focus changes caused by temperature fluctuations in the room. 

The description of the quantitative effects of defocusing as given by equation 
(2) makes it possible to set up a criterion for proper focusing based on the 
permissible value of Az in equation (1) which will determine in turn the maximum 
permissible distance between the plate and the focal curve. The narrowest lines 
that can be produced in any spectrograph are determined by van Cittert’s 
criterion [1] giving the slit width to be used for optimum speed and resolving power. 
A reasonable condition for focus is therefore to require that at least 90 per cent of 


1) G. R. Harrison, R. C. Lorp and J. R. Loorsourow, Practical Spectroscopy p. 123. Prentice-Hall, 
New York (1948). 
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the resolving power attainable when the van Cittert critical slit is used should be 
realized. This gives for the maximum permissible value of Az: 


F, 


Ar, < F 


(3) 
where S is the van Cittert critical slit for incoherent radiation, F, is the focal 
length of the collimator (or slit to grating distance) and F, is the focal length of 
the focusing mirror (or grating to image distance). For the Jarrell-Ash 2-25 m 
Ebert spectrograph the van Cittert critical slit width for incoherent radiation at 
3000 A is 7-5 uw. Substituting this in equation (3) and using the horizontal aperture 
ratio to obtain an approximation for 2 tan «/2 in equation (1) (since « is a small 
angle) the value of d that corresponds to Ar, at this wavelength comes out as 
slightly less than 0-1 mm. The focal curve of this instrument must thus be known 
with a precision of at least 0-1 mm if we are to satisfy the focusing condition 
expressed by equation (3). 


2. The method of separation of beams 


An accurate knowledge of the focal curve is essential if the optimum perform- 
ance of the spectrograph is to be realized in practice. The method of separation 
of beams to be described now is essentially a precision, two-source Hartmann 
test that differs from a conventional Hartmann test in its ability to give quantitative 
information about the focal curve and the aberrations affecting it. 


The method involves subdividing the surface of the grating into a number of equal sections 
and then masking it in such a way that just two non-adjacent sections at a time are not covered 
by the mask. With a mask prepared in such a way a focus plate is then exposed in the ordinary 
way. When a line is in focus it is seen as a single line on this focus plate; however, when it is 
not in focus the beams from the two unmasked sections of the grating diverge and the line splits 
in two. To determine the exact focus setting one measures the separation of these beams on the 
plate as a function of slit displacement along the optic axis (which is proportional to the 
displacement of the focal point multiplied by the ratio of the focal lengths of the focusing and 
collimating mirrors or lenses). If we consider separations with the slit in front of the focal 
plane negative and separations with the slit behind the focal plane positive, then a plot of beam 
separation as a function of slit displacement will be a straight line intercepting the slit displace- 
ment axis at the exact focal point. An example of such a plot is shown in Fig. 3. It was found 
convenient to measure the separation of beams with a Bausch and Lomb eyepiece, with scale 
reading to 0-1 mm, placed directly on the ground-glass screen of a commercial comparator- 
microphotometer (a Jarrell-Ash console model) which shows the spectra at a magnification of 
about fifteen times. The precision of this measurement could probably be improved by use of a 
wavelength comparator for this purpose. With careful technique, the focus setting could be 
read from the resulting plot with a precision of plus or minus 0-05 mm. The accuracy of this 
value is affected by irregularities in the ruling of the grating which affect line form and thus the 
visually observed center of gravity of the line. To make this task easier it is desirable to expose 
lightly and to develop to a high gamma if possible. 


Focus settings must be determined by the above method for suitably spaced 
individual lines in the spectrum of the iron are. Such focal curves must be obtained 
for all possible combinations of non-adjacent sections since they cannot be con- 
sidered identical a priori. These curves will coincide only if light from all parts 
of the grating is focused at the same point. From the differences observable between 
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such focal curves of the same grating various focusing defects and image errors can 
be recognized. The number of sections in which a grating is tested is limited only 
by the requirements of minimum resolving power and reasonable intensity of 
spectra from the smallest subdivision of the grating, and by the amount of labor 
one is willing to spend on measuring focal curves. 


| 


0 5 20 25 
Slit displacement aiong the optic ads, mm 


Fig. 3. Separation of beams plotted as a function of Fig. 4. Masks used for testing a grating in 
slit displacement along the optic axis. The data shown four sections. 
are for the iron line at 3443 A, using masks A and B 
in Fig. 4. One unit on the ordinate scale corresponds 
to a distance of 0-067 mm on the plate. 


The smallest number of sections required is four. Referring to Fig. 4, these 
four sections can be combined in three different ways to define three different 
focal curves: (A) sections 1, 3; (B) sections 2, 4; (C) sections 1, 4. If mono- 
chromatic light from all parts of the grating is focused at the same point, these 
curves naturally coincide. If this is not the case we can use geometric constructions, 
such as those in Fig. 5, to predict that if the focal length increases progressively 
from section | to section 4 the observed foci will increase in the order (ACB), 
while if it decreases in the same order the observed foci will be in the order (BCA). 
Also, if the focus defined by the center sections is longer than that defined by the 
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ends of the grating, the foci will increase in the order (A BC) or (BAC) (A and B 
might even be identical), while if the center focus is shorter than that of the ends 


the observed order of the foci will be (CAB) or (CBA) or(0%). The first two of these 


cases correspond to coma while the second two represent spherical aberration. The 
conclusions drawn here about the four section test apply naturally also to any four 
adjacent sections of a grating tested in more than four sections. 

When differences between focal curves obtained by different combinations of 
masking are actually observed, it will be necessary to determine whether we are 
dealing with true aberrations or with defects in some component part of the optics. 
Since the method of separation of beams is an extension of the Hartmann test, 
it, like the Hartmann test, tests whole regions of the optics. The best way to pin 
down the origin of observed variations of focus is substitution of another optical 
element, such as a grating or a collimator of known performance, until the part 
responsible is found. This relationship to the Hartmann test is also useful for 
adopting the test with prism instruments or with grating instruments where the 
grating is not readily accessible for masking. One way of doing this is to set up 
two light sources as for a Hartmann test and move them at right angles to the 
optic axis to simulate the effect of masking. Interpretation of focal curves 
obtained in this way is exactly the same as in the case of masking. 

Besides being a focus test, it should be noted, the method of separation of beams 
is also useful for checking the parallelism of the plate surface and the motion of the 
racking mechanism if we expose a plate with an appropriate mask and a slit setting 
that will give a convenient separation of the beams. 


3. Experimenta! observations 


The method of separation of beams has been applied to a 2-25 m Ebert spectro- 
graph of the Jarrell-Ash Company. This is a stigmatic plane grating spectrograph 
with a horizontal aperture ratio of about 25. Twenty inches of spectra can be 
photographed with a plate factor of approximately 3-7 A/mm. Results with two 
gratings tested so far are very interesting and illustrate the power of the method. 
The first of these gratings was tested according to the four-section test as described 
in Section 2. The first focal curve that was obtained was so precise that a dis- 
continuity corresponding to the gap between the two 10 in. plates in the plateholder 
could be identified and led to the discovery that the plates were not held tightly 
against the rails in the plateholder (Fig. 6). Focal curves obtained from the three 
possible combinations of the four sections turned out to be non-identical and 
intersected at or near a point about half-way between the low-wavelength end and 
center of the plateholder (Fig. 7). Theoretically such an intersection point should 
lie on the optic axis of the system. The second grating tested was examined 
on a grating interferometer prior to installation. Approximately one-fifth of the 
ruling from one end of this grating was found to be out of phase with the rest of the 
grating and had to be masked off for normal use. This grating was accordingly 
tested in five sections, four of which covered the acceptable part of the ruling, 
while the fifth section comprised the area that was out of phase with the remainder 
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Second order wavelength, A 


2000 


Fig. 6. Experimental determination of a focal curve for the Jarrell-Ash 2-25 m Ebert spectro- 
£ I 


graph. The discontinuity in the center is due to the fact that the two 10 in. plates in the 

plateholder were not held tightly against the rails defining the focal curve. When the 

plateholder cover was tightened the focal curve followed the dashed line. The curve shown 

indicates that a change of curvature of the plateholder as well as rotation of the plate 

around a vertical axis are necessary to bring the spectrum of this grating simultaneously 
into focus all across the focal field. 


25, 


Slit dsplacement along the optic axis, 


3500 4000 


3000 
Second order wavelength, A 


Focal curves of a Jarrell-Ash 2-25m Ebert spectrograph by the method of 
246, tested in four sections (letters correspond to masks in 
of the curves is due to 


Fig. 7. 
separation of beams. Grating # 
Fig. 4). It is not certain whether the spread in the intersection points 

experimental errors or to spherical aberration. 
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Slit displacement along the optic oxis, 


Fig. 
Fig. 8. Focal curves of a Jarrell-Ash 2:25 m Ebert spectrograph by the method of 
separation of beams. Grating #259, tested in five sections. Section 1 was known to be 
defective from tests on a grating interferometer. Each curve is identified by the numbers 
of the two sections that generate it. The six possible focal curves are grouped in the 
following ways: 


(8A) Combinations of the four perfect sections among themselves. 
(8B) Combinations of the four sections that include the defective end section, leaving 
out the perfect end section. 
(8C) Focal curves obtained by combining the defective section in turn with one other 
section. 
Figs. (8A) and (8B) show up the difference between a grating that is perfect and a grating 
that has one quarter of its ruling out of phase with the remainder when both are tested 
by the four-section test. 


of the grating. Six different focal curves can be obtained in this way. There are 
two different ways of looking at these data. Thus, we could omit either one of the 
two end sections and consider the focal curves generated by the remaining four 
sections as though we were testing a grating in four sections. This would show up the 
difference between a grating that is perfect and a grating that has one-quarter of 
its rulings out of phase with the remainder. The other way to look at these curves 
is to compare the focal curves produced by combining the defective section in turn 
with one other section to curves obtained by combining only the perfect sections 
among themselves. These different combinations of the six focal curves of this 
grating are shown in Fig. 8. Comparing these groupings of curves to the focal 
curves of the first grating it is immediately obvious that only those focal curves of 
the second grating obtained by combining just the perfect sections among them- 
selves have an intersection point similar to that observed with the first grating. 
It is known that if concave mirrors or gratings are used for the production of 
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stigmatic spectra, a type of lateral spherical aberration known as coma can be 
reduced to zero only at one point [2]. The pattern of focal curves observed with 
the Ebert mount is typical of coma present in stigmatic spectrographs of this 
general type. The same type of divergence of focal curves should thus be expected 
of the Ebert mount and its modifications as well as of the Czerny-Turner mount 
and the Wadsworth mount of the concave grating. 


4. Interpretation of experimental results 

The observed divergence of focal curves obtained by the method of separation 
of beams obviously gives us quantitative information about the amount of coma 
present in the spectrograph. Before this information can be used to evaluate the 
performance of the spectrograph, however, it is necessary to develop the theory of 
comatie spectral lines in some detail. This will be done in Part IL of the paper. 
Anticipating one result of the theory, we mention here that the best obtainable 
focus in the presence of coma is defined by the beams from the two ends of the 


grating. 


2) R. A. Sawyer, Experimental Spectroscopy (2nd Ed.) p. 87. Prentice-Hall, New York (1951). 
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Abstract—The theory of comatic spectral lines is developed in the Seidel approximation and the 
results of the theory are applied to the interpretation of experimental data obtainable from 
focus tests by the method of separation of beams. It is shown that this technique, in conjunction 
with the theory, allows us to evaluate the performance of any spectrograph where coma is the 
major aberration. The method is thus particularly suitable for use with the Wadsworth mount 
of the concave grating and the stigmatic mounts of Ebert and Czerny—Turner types for the 
plane grating. A theoretical result of particular interest is a quantitative estimate of coma 
limited slit width, which restricts the validity of van Cittert’s criterion in the presence of coma. 


1. Seidel approximation for coma applied to the spectrograph 

In the theory of so-called primary Seidel aberrations [1, 2] (also known as third- 
order theory) it is shown that a spherical mirror does not focus the rays of an 
oblique pencil of light at a point but rather along a straight line known as the 
characteristic focal line [3] of the pencil.* Distances between the points at which 
the individual rays of the pencil cross this characteristic focal line are directly 
proportional to the distances between the projections of these rays upon the plane 
defined by the optic axis and the principal ray (the central ray) of the pencil. The 
existence of this characteristic focal line is responsible for both coma and astigma- 
tism of extra-axial image points [5]. The angle between the characteristic focal 
line and the reflected principal ray of the pencil determines the relative amounts 
of coma and astigmatism, while its length determines the magnitude of both 
coma and astigmatism. The case where the characteristic focal line lies parallel 
to the reflected principal ray corresponds to pure coma, while the case where it 
lies at right angles to the reflected principal ray corresponds to pure astigmatism. 

* Strictly speaking, this is true of rays that strike the mirror in an annular zone with the optic axis 
as its center. The characteristic focal lines corresponding to such annular zones of different radii are 
parallel straight lines [4]. Their centers lie on another straight line, the line of sagittal foci. Distances 
between the centers of these characteristic focal lines along the line of sagittal foci are proportional to the 
square of the aperture of the zone. The lengths of the characteristic focal lines are proportional to the 
aperture of the zone and their ends trace out a parabola. The assumption that a single characteristic 
focal line is produced by a concave grating or mirror is equivalent to assuming that the dimensions of the 
grating (or mirror) are so small compared to the width of the annulus that the light may be considered as 


striking part of only one such annular zone. With most spectrographs in general use today this approxi 
mation is a good one, although it fails for special designs with very large apertures. 

{l] A. E. Conrapy, Applied Optics and Optical Design p. 246. Dover Edition, New York (1957). 

[2] J. MORGAN, Introduction to Geometrical and Physical Optics pp. 35 42 and 5 114. McGraw-Hill, 


New York, London and Toronto (1953). 
A. E. Conrapy, Applied Optics and Optical Design . 277-279. Dover Edition, New York (1957). 


=. Conravy, Applied Optics and Optical Design . 295-297. Dover Edition, New York (1957) 
). Conrady, Applied Optics and Optical Design p. 281. Dover Edition, New York (1957) 
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Intermediate angles between the characteristic focal line and the principal ray 
correspond to mixed coma and astigmatism. For pure coma the cross-section of the 
comatic spectral line will be narrowest in the plane that bisects the characteristic 
focal line at right angles to it. If astigmatism also is present the position of this 
tangential (principal) focus will shift; only vertical lines will be imaged at the 
tangential focus, while horizontal lines are still focused at the center of the charac- 
teristic focal line, now known as sagittal focus. At any given aperture the width of a 
comatic line image (comatic flare) varies directly as the distance of the image point 
from the optic axis. At any given distance from the optic axis it varies directly 
as the square of the aperture.* 

In order to determine the shape of comatic spectral lines we shall need the 
intensity distribution across a comatic image at tangential focus. On the assump- 
tions that the characteristic focal line lies parallel to the reflected principal ray, 
the aperture is small and higher aberrations are negligible, it may be shown that 
if a grating of width z, is illuminated by light of uniform intensity all along its 
width and if light from a strip of grating of width z is focused by a mirror (or the 
grating itself) into a line of width y at the tangential focus then 


2 
(1) 
0 
where y, is the width of the line produced by the full unmasked grating. Since 
the left-hand side of this expression is equal to the fraction of total exposure 
received by a strip of grating of width z this equation relates the distance y along 
the cross-section of the bundle of rays at tangential focus (counting the principal 
ray as origin) to the fraction of total energy focused between the origin and y. 
Equation (1) is therefore the integrated intensity distribution function of comatic 
lines if their finite width (intrinsic width or width determined by the slit) can be 
neglected. When the conditions under which equation (1) is formulated are valid 
the width of the comatic line image is given by: 


l 
Yo tan | =} 


Here « is again the angle subtended by the grating at the plate and / is the length 
of the characteristic focal line.* 

When the conditions we have imposed on the system hold, //2 is exactly equal to 
the difference between the focus settings defined by masks A and B (Fig. 4, 
reference [7]) of the four-section test by the method of separation of beams. The 
intensity distribution function of a comatic image of an infinitely narrow line 
whose integral is equation (1) is obviously 


dy 246 (3) 


* These statements are true in the Seidel approximation only, which is valid for small apertures and 
for obliquities that are not unreasonably large. 

* When the angle between the principal ray and the normal to the plate surface is not zero this 
expression must be divided by the cosine of that angle (approximately). When this angle is fairly large 
a more complicated expression is required instead of the cosine, although at any given position at the 
plate it may be regarded as a constant multiplier of equation (2). 
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The intensity distribution of the image of a rectangular aperture such as a spectro- 
graph slit may be considered to be a superposition of the intensity distributions of 
neighboring points of the slit image. If the width of the slit image in the absence 
of aberrations and diffraction effects is Ay, then this intensity distribution is given 


by the integral 
y+Ay 


| dy = (4) 
Yo 
The integrand is understood to exist on the range 0 < y < Yo, 0 <y + Ay < yy 
+-Ay and to be zero elsewhere. It is convenient to normalize equation (4) by 
dividing through by the integral from zero to Ay. Explicit dependence on y, is 
removed by this procedure and y, affects the integral now only as a restriction 

— 

09 


yt+ay 

ay 
Fig. 1. Intensity distribution across a comatic line image according to third-order theory 
of geometrical optics. The slit is assumed to be uniformly illuminated by monochromatic 
light and the radiant flux per unit angle incident on the collimator a constant. Ay is the 
width of the slit image in the absence of aberrations. The function f(y, Ay) is defined 
by equation (5) and the quantity y, by equation (2). Sloping dashed lines indicate the 
way in which the tail of a comatic image terminates for various ratios of y,/Ay. 


on the range of y over which the integrand exists. The normalized intensity 
distribution across a comatic image of a slit of width Ay, uniformly illuminated 
by monochromatic light (but neglecting diffraction effects) is therefore: 


vy + Ay) — 4 y| f(y, Ay) (5) 


v (Ay) 

The maximum value of this function is unity. If y is expressed in units of Ay (i.e. if 
Ay = 1) the function is further simplified and becomes 

+1) — =fly) (6) 

This function is plotted in Fig. 1. Because the shape of this intensity distribution 

function does not depend on y, it follows that the half-intensity width of a comatic 
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slit image is determined solely by Ay. The value of y, determines only the extent 
of the tail-like extension of the image which is responsible for the unsymmetrical 
appearance of comatic lines. The way in which this ‘“‘comet’s tail’ terminates is 
shown in Fig. | for several values of y,/Ay. 

Since equation (5) gives the intensity distribution across a comatic line, it 
may be integrated to obtain the fraction of light that contributes to the formation 
of the maximum peak of the line image. Solving for the half-intensity width of 
the maximum peak we find that it extends from 0-25 Ay to 1-56 Ay and is thus 
1-31 Ay wide. The area under the curve between these two points is found by 
integration and is 0-94 Ay. The area under the curve up to y + Ay 1-56 Ay is 
likewise found by integration to be 1-02 Ay. For a given value of y,, the total area 
under the curve (including the sloping part that terminates the curve, Fig. 1) is 
represented well by the integral 


1/2)Ay 3 Ay? 4) 


When y, = Ay (see Fig. 1) the resulting intensity distribution approaches the 
triangular slit function observed by von PLANTO [6] and the area under the curve 
is exactly Ay (equation 7 gives 0-99 Ay). This is very nearly equal to the area 
under the curve up to the half-intensity point at 1-56 Ay for larger values of y,. 
We shall accordingly assume that the tail part of the comatic line image starts to 
form when y, exceeds Ay and adopt the ratio of Ay to the integral in equation (7) 
as a convenient measure of the fraction of light that contributes to the formation 
of the maximum peak of the line image. Consideration of the properties of this 
definite integral then shows that the ratio of Ay to equation (7) is reproduced 
extremely well by the simple expression 


Ay 


= Ay) (8) 
Yo 


Hence, we shall adopt equation (8) as the definition of the comatic defocusing factor. 


It represents the fraction of the total amount of light received by the grating that 
contributes to the formation of the maximum peak of the line image and is also 
approximately equal to the fraction of the grating surface that contributes that 
light. Transition to wave optics is made by defining Ay, a parameter that measures 
the width of the diffraction pattern of a line image in the absence of aberrations. 
When Ay/2 is set equal to the standard deviation o of the diffraction pattern of the 
line image, equation (8) may be rewritten as 

o (9) 

2); 

Comparing this to equation (2), Part I [7], we see that the geometric mean of ¢ and 
¥,/2 plays the role of the standard deviation of a defocused line image. This is a 
consequence of the highly unsymmetrical nature of the comatic aberration. When 


6) P. G. vow Pianto, J. Opt. Soc. Am. 47, 629 (1957). 
A. ARRAK, S pectroc him. Acta This issue, p. 1014. 
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a comatic line goes out of focus its total width increases but the intensity at the 
central maximum as well as the half-intensity width of the line remain constant 
as long as the plate is closer than the distance //2(1 k.) from tangential focus. 
The value of k, itself tells us what fraction of the maximum speed, line to background 
ratio and theoretical resolving power is available for formation of lines of width 
Ay in the presence of a given amount of coma. As the slit is narrowed, the value 
of k, will decrease until a point is reached where the available resolving power is 
just sufficient to produce lines of width Ay. The narrowest lines that can be 
produced in the presence of coma will then have been attained and any further 
reduction of slit width will merely reduce the intensity without changing the 
intensity distribution across the line. This critical slit width can be calculated if 
theoretical resolving power of the grating, linear dispersion, wavelength and y, 
are known. In order to do this we shall introduce the following definitions: 


R . (theoretical resolving power of the grating) (10) 


Ad 


ls 
dD (linear dispersion) 
di 


As (distance on plate that corresponds to AA). 


R 
The available resolving power in the presence of coma is k,R. When the critical 
slit width has been attained we can set As equal to Ay. From our previous 
definitions it follows then that coma limited slit width is determined by the formula 


AD 


AYo = ER 


Yo! 372/323 R-2/3. (11) 
All quantities on the right-hand side of this equation are known or measurable. 
In addition there should be a shape factor dependent upon the shape of the diffrac- 
tion pattern of the line image and upon the shape of the characteristic curve of the 
emulsion. It should be inversely proportional to the gamma of the emulsion but 
since it is also a function of other variables it has been neglected in equation (11). 

It will be observed from equation (11) that coma limited slit width will increase 
with the cube root of y,, other things being equal. Also, it varies in an unexpected 
manner with wavelength, being proportional to two-thirds power of 4. It will be 
observed that the value of Ay, as determined by equation (11) is not affected by 
masking as long as the unmasked area of the grating is larger than the fraction 
k, of its total width. The physical reason for this is that light from the ends of the 
grating is focused into the tail part of the image and does not contribute to the 
formation of the maximum peak of the line image. 

To obtain the effect of coma upon higher orders in a given position we must 
express the dispersion, wavelength, and theoretical resolving power for the order n 
in terms of these quantities for the first order. When this is done it turns out that 
the value of Ay, for the order n is just n~** times the value of Ay, for the first 
order. From this and equation (8) it follows that the comatic defocusing factor 
for the order » that corresponds to Ay, of the same order is just n~'* times the 
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corresponding factor for the first order. It thus decreases slower with the order than 
the theoretical resolving power increases, so that the actual resolving power goes 
up as n** with change of order. This agrees with BrvuTLER’s analysis for the 
stigmatic mount which was based on Fermat’s principle [8]. 

Equation (11) sets an ultimate limit on the resolving power that can be obtained 
in the presence of coma. In spectral regions where coma is appreciable it limits the 
ralidity of van Cittert’s criterion for optimum slit width limited by aperture and 
diffraction.* Since the wavelength dependence of coma limited slit width is 
different from the wavelength dependence of van Cittert critical slit width, the 
limitation due to coma tends to be more restrictive, other things being equal, at 
lower wavelengths. 

Qualitatively, the conclusions of this section may be summarized as follows: 

(1) The presence of coma limits the ultimate resolving power that can be 
obtained with any comatic spectrograph. 

(2) A moderate amount of coma will reduce speed and line to background ratio 
for the line spectrum, even before its effect on the resolving power is felt. 

(3) The tail part of the comatic line image can be eliminated by masking, 
without affecting the available resolving power or the observed line intensity. 
Line to background ratio is enhanced and satellites produced in tha tail are elimi- 
nated by such making, if judiciously done. 


2. Applications of the theory of comatic spectral lines 

The theory developed in the previous section is valuable for extracting the 
maximum amount of useful information from focal curves obtained by the method 
of separation of beams [6]. From the experimental point of view the important 
thing is to realize that the theory connects the results of focus tests to other 
performance characteristics of the spectrograph. When the grating and optics 
are free from defects, a four-section test by the method of separation of beams 
will in fact give us the following information about a comatic spectrograph: 

(a) Position of tangential focus, determined by mask C (reference [7], Fig. 4), as 
a function of wavelength. 

(b) Length of the characteristic focal line (equal to twice the difference 
between the focus settings determined by masks A and B, reference [7], Fig. 4) 
as a function of wavelength. 

(c) Width of the comatic line image as measured by y,, obtained from (b) and 
equation (2), as a function of wavelength. 

(d) Value of the comatic defocusing factor k,, obtained from (c) and equation 
(8), as a function of wavelength. 

(e) Optimum slit width to be used in order to obtain maximum resolving power 
combined with maximum speed and line to background ratio, from (c) and 
equation (11), as a function of wavelength. 


* It should be noted that unless a condensing lens is used to fill the collimator with light only the 
center two-thirds (approximately) of the collimator will receive light from the slit when the van Cittert 
critical slit is used. As a result, the full resolving power of the grating is not available for use since the 
ends of the grating are effectively masked off. We are assuming that a condensing lens is always used 
when necessary to assure that the collimator is filled with light. 


(8) H. G. Beurier, J. Opt. Soc. Am. 35, 311 (1945). 
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The following notes might be added about the uses of this information. 

If the focal curve corresponding to tangential focus is not a straight line, plate 
curvature must be changed. If this straight line is not parallel to the wavelength 
axis, the plate must be rotated around a vertical axis until the entire spectrum 
can be brought to focus at one slit setting. 

If yo is several times as large as the slit width, any portions of the grating 
surface near the ends having unusually high reflectance or some other irregularities 
of ruling will produce satellites. These satellites will coincide with the parent line 
in regions where y, is small, i.e. near the crossover point of the focal curves. 
Thus, it is possible that a grating may render perfectly good spectra when used 
in this part of the focal field and yet may have to be masked off in order to obtain 
reasonably good definition in outer parts of the spectrum. The prediction that 
such satellites may exist is confirmed by Harrison, Lorp and Loorsovurow [9]. 

It is possible to mask down the grating to a fraction k, of its full width without 
materially reducing the intensity of any line for which the comatic defocusing 
factor is equal to or less than the fraction of the grating surface left unmasked. 
Since the continuous background is reduced to a fraction k, of its former value 
the line to background ratio is increased by a factor 1/k, as a result of such masking. 
Unless this masking is done symmetrically from both ends of the grating, the 
position of tangential focus will be changed. The extreme difference in focus is 
obtained between the two possible unsymmetrical masking arrangements, the 
tangential foci of which are separated by the distance /(1 — k,) along the principal 
ray. The dependence of line to background ratio upon the amount of coma present 
and upon the aperture is of considerable practical importance. Detection limits in 
trace analysis as well as semi-quantitative factors such as Harvey's [10] are thus 
affected by masking and can be changed even by turning the grating to focus lines 
previously at one end of the plateholder at the other end of the plate. Intensity 
ratios of lines can also be changed, and this change is dependent upon the relative 
width of the lines as well as upon their position within the focal field. 

Equation (11) sets an ultimate limit on the resolution that can be attained, 
regardless of the theoretical resolving power of the grating itself. Depending upon 
the amount of coma and the wavelength, equation (11) can be either more or less 
restrictive than van Cittert’s criterion for diffraction limited slit width. Equation 
(11) and van Cittert’s criterion thus supplement one another in determining the 
optimum slit width in the presence of coma. If it is desired to combine maximum 
resolving power with maximum line to background ratio the slit width should be 
determined by equation (11) and compared to van Cittert critical slit width. The 
wider of the two should be used and the width of its image (in the absence of 
aberrations) inserted into equation (8) to obtain the fraction of the grating surface 
that may be left unmasked. (The van Cittert critical slit width must be computed 
for incoherent radiation. The magnification factor of the spectrograph must be 
considered when using equation (11) since it applies on the focal curve.) 


[9] G. R. Harrison, R. C. Lorp and J. R. Loornovrow, Practical Spectroscopy p. 100. Prentice-Hall. 
New York (1953). 
{10} C. E. Harvey, A Method of Semi-quantitative Spectrographic Analysis. Applied Research 


( 
Laboratories, Glendale, California (1947). 
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Fig. 2. Graph of the quantities y, and Ay,, equations (2) and (11), determined experi- 

mentally for a 2:25 m Ebert spectrograph of the Jarrell-Ash Company. Data are based 

on focal curves in Fig. 7, Part I of this paper[7]. The van Cittert critical slit is drawn in for 
comparison with Ay,. (There is no magnification in the Ebert mount.) 
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Fig. 3. Graph of k,, corresponding to Ay, in Fig. 2, as a function of wavelength. The slope 
of the graph is discontinuous at the point where k,, becomes unity because this maximum 
value is imposed on it by a somewhat arbitrary physical criterion. 


As an example of the magnitude of the effects involved, Fig. 2 and Fig. ‘ 
show the dependence of y,, Ay, and k,, on wavelength for a particular setting of a 
Jarrell-Ash 2-25 m Ebert spectrograph. They were calculated from the distance 
between the curves A and B in Fig. 6 of Part 1 [7], with the help of equations (2), 
(11) and (8). 

3. Summary and conclusions 

A technique for measuring the focusing properties of spectrographs, related to 

the Hartmann test and known as the method of separation of beams, was introduced 
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in Part | of the paper [7] and its ramifications were theoretically explored in Part 
Il. Application of the method to a 2-25 m Ebert spectrograph of the Jarrell-Ash 
Co. yielded focal curves that characterize a comatic image. The theory of comatic 
spectral lines, developed in the third-order approximation in Part II, yielded 
important relations that connect the results of focus tests by the method of 
separation of beams to other performance characteristics of the spectrograph. 
The theory is expected to be adequate for use with common stigmatic mounts 
where coma constitutes the major aberration present. It may thus be applied to 
the Ebert, Czerny-Turner and Wadsworth mounts, but not to the Rowland circle 
mounts of the concave grating. 

Acknowledgements—The writer would like to acknowledge the encouragement and advice of 
A. Mirrecporr during the preparation of this paper. Thanks are also due to Belmont Smelting 
and Refining Works for making this research possible and to R. F. JArrett for criticism of the 
early phase of this work. 


Appendix: The effect of spherical aberration, astigmatism, 
and higher coma terms: the finite size of the grating 

If spherical aberration is present to any appreciable extent its effect is to cause 
the focal curves (which should cross over at a point in the case of pure coma) 
cross one another within a somewhat extended region near the optic axis. 

If both coma and astigmatism are present the theory developed in Section 1 
is still valid, provided that / in equation (2) is defined as the length of the projection 
of the characteristic focal line upon the principal ray. Its value is still determined 
by the difference between the focus settings obtained from masks A and B of a 
four-section test by the method of separation of beams [7]. 

Equation (1), which forms the starting point for the theory of comatic spectral 
lines, is based upon the principal approximation made in the theory of primary 
Seidel aberrations. A more exact treatment of coma according to the optical sin 
theorem {11] shows that the width y of a comatic image is represented by a power 
series in even powers of sin « 

y = ad,sin®« + a,sin*« + a,sin®« +... (12) 


The coefficients of the series are functions of the distance of the image point from 
the optic axis and are given to a good approximation by a power series in odd 
powers of the distance to the axis. The Seidel approximation applies obviously 
when the angle « subtended by the grating at the image point is small and the 
coefficients of the higher terms in equation (12) are small compared to the coefficient 
of the first term. If we take an image point at a given distance from the optic axis 
the width of the comatic line image will be proportional at first to sin? x. As we 
increase « the higher terms in equation (12) will gradually begin to effect the rate 
at which the width y of the comatic image grows with aperture. The effect of 
these higher terms is felt mainly in the “‘tail’’ part of the image and for large « they 
will distort the intensity distribution in the tail from the shape predicted by equation 
(5). In addition, when « becomes large, we are no longer justified in approximating 
sin « by « as is done in passing from equation (12) to the Seidel theory of aberrations. 


(11] A. E. Conrapy, Applied Optics and Optical Design p. 367. Dover Edition, New York (1957). 
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The theory developed in the body of the paper assumed that only one charac- 
teristic focal line is produced by the optics. This is not strictly true, of course, 
since the dimensions of the grating, although small compared to the focal lengths 
used, are finite, and light from neighboring parts of the grating surface is focused 
on “closely neighboring” characteristic focal lines rather than on a single line. If 
we take a section of the grating in the horizontal (sagittal) plane which passes 
through the optic axis and consider the lengths of the rulings negligible for a 
moment it can be readily seen that the effect of the finite size of the grating is to 
merely cause the characteristic focal lines to be curved lines in space instead of 
being straight. When the length of the rulings is taken into account it turns out 
that the illumination of the grating in the horizontal (sagittal) plane has an im- 
portant effect on the image-forming properties of the system. Formation of a 
stigmatic image requires that illumination of the grating in this plane be with 
parallel light, so that deviations from parallelism in the sagittal plane will introduce 
astigmatism into the image. Besides this astigmatism, another effect is present 
which depends upon the fact, mentioned in the first footnote in Section 1, that 
different annular zones of a spherical mirror (or grating) will focus light into 
different characteristic focal lines. Thus, considering a tangential fan of rays from a 
collimator illuminated by a point source (a point on the slit) which strikes a plane 
grating and is reflected to a spherical focusing mirror, we see at once that if this 
fan spreads out the two rays from the ends of the fan will strike a different annular 
zone of the mirror from the ray in the center of the fan. As a result, the light from 
the ends of the rulings is focused into a different characteristic focal line from the 
light that comes from the center of the rulings. The image of a point on the slit is 
consequently seen as a line that shows unsymmetrical shading in the direction of 
disperison that resembles coma. The effect is not really coma, however, for it is 
present even in the case where the characteristic focal line lies at right angles to the 
principal ray, previously defined as a state of pure astigmatism. The effect of this 
“pseudo-coma”’ is at a minimum when the grating is illuminated by parallel light 
in the sagittal plane, which corresponds to the condition for a stigmatic image. It 
is for this reason that we have neglected it in the body of the paper. It should be 
kept in mind, however, that the presence of this aberration does set a limitation 
on the length of rulings as well as the length of the slit that may be used in any 
spectrograph. In astigmatic spectrographs it is in fact the main aberration of the 
coma type and resolution of astigmatic spectrographs is limited by this pseudo- 
coma before the type of coma discussed in this paper becomes important. For a 
more detailed and quantitative treatment of this and other spectrographic 
aberrations, BEUTLER’s [8] and NamioKa’s [12] papers should be consulted. The 
latter is less complete but more up to date and corrects a number of errors in 
BevuTLeR’s work that went undetected for 14 years. 


12) T. Namtoxka, J. Opt. Soc. Am. 49, 446-465 (1959). 


a 
4 

— 

VUlie 
15 
1959 

. 

1024 


1959 
Spectrochimica Acta, §p, No. 12, pp. 1025 to 1031. Pergamon Press Ltd. Printed in Northern [reiand 
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Modification of Perkin-Elmer 12-C spectrometer with microscope for 
linear wavelength recording at level energy input* 


H. L. Dinsmore 
Bethel College (St. Paul, Minn.) and University of Minnesota Depaitment of Medicine (Minneapolis) 


Introduction 


INFRARED microscopes have been designed most often for use with the Perkin-— 
Elmer 12-C spectrometer [1-4]. With this instrument the microscope can be placed 
in the exit radiation path, and such a unit is commercially available. Unfortunately 
the 12-C as a scanning instrument is beset by two rather discouraging operating 
features of non-linear wavelength display and a non-level incident energy back- 
ground. Not only are such spectra inferior in appearance to those from double-beam 
spectrophotometers, but there results the more insidious consequence among 12-C 
users of tending to think about absorption bands coming at certain drum readings 
on one’s particular instrument, rather than at wavelengths or frequencies of 
universal significance. Finally, publication of such spectra usually requires 
complete manual replotting. While the manufacturer has recently provided an 
electrical slit drive for maintaining constant energy input, the cost of this unit 
is prohibitive for many users; and nothing has been done to replace the non-linear 
wavelength drive. 

This paper describes the design of cams which, with a surprisingly modest 
expenditure in time and machining, will convert the 12-C to a linear wavelength 
recording instrument, having nearly level input energy throughout the NaCl 
prism region. The same considerations are applicable to other prisms or to linear 
frequency conversion. Primary considerations in the present conversion were: 
mechanical simplicity, avoidance of parts difficult to machine, and self-containment 
of all parts within the standard monochromator case. 


Wavelength cam 
Design 
The essential geometry of the 12-C is shown in Fig. 1. Rotation of the wave- 
length screw moves a threaded collar along the screw axis, and a lever arm L 
converts this motion into an angular displacement of the Littrow mirror which 


* Presented at The Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy, 
March 1959. 


[1] E. R. Buiovr et al., J. Opt. Soc. Am. 40, 304 (1950); 41, 547 (1951). 

[2] R. Barer, A. R. H. Cote and H. W. THompson, Nature 163, 198 (1949). 

[3] D. L. Woon, Rev. Sci. Instr. 21, 764 (1950). 

[4] V. J. Coates, A. Orrner and E. H. Srecier, Jr., J. Opt. Soc. Am. 43, 984 (1953). 
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brings about a change in wavelength. Since one full screw rotation (100 drum 
divisions) advances the collar 'y in., the basic trigonometric relationship 


d LtanO~ L 


becomes, for any arbitrary displacement, 


D, 
ISL 


(2) 


In the modified arrangement the wavelength screw rotates a gear and cam unit. 


and a lever arm JL’ riding along the cam circumference brings about angular 


IT D. - 


Littrow displacements with changing cam radius. For a linear wavelength drum 
equal units of wavelength will come at equiangular cam positions. Specifically, 
for 100 drum divisions per micron wavelength, unit micron positions occur 
(360/number of gear teeth) degrees apart on the cam. From prior calibration the 
drum values )) corresponding to unit micron wavelengths are known. The necessary 
cam radii are chosen to provide the angular displacements to which these D values 
correspond by equation (2). The final geometric relationship 


L’ (D, 
2 


dD, 
ISL 
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comes by using the increment in cam radius in place of d in equation (1) and making 
allowance for a lever arm L’ of different length in the modified arrangement. 


Illustration 
Angular: gear with twenty teeth gives unit micron positions (360/20) = 18 
degrees apart. 
Radial: with L = 9-81 in., L’ = 8-125 in. equation (3) becomes 


dD, M1) 


0-0637 ( in. 
100 


Table 1. Dimensions of linear wavelength cam for NaCl prism 


Calibration data Cam dimensions (in., degrees) 


D (D-408) Ar Radius (2-500 Ar) Angle 


408 0 0 2-500 270 
600 192 0-122 2-378 252 
775 367 0-254 2-266 234 
42 534 0-340 2-160 216 
1004 686 0-437 2.063 198 
1228 820 0-522 L80 
1350 942 0-600 900 162 
1460 1052 0-670 830 144 
1552 1144 0-730 770 126 
1635 1227 0-783 ‘717 
1705 1297 0-827 663 
1765 1357 0-865 635 
1407 0-897 603 
1855 1447 0-922 -578 


Note: It is seen that the maximum variation in cam radius is just under | in. 


An arbitrary maximum cam radius of 2} in. was chosen at A = 15 yu, corresponding 
to a drum reading ) = 408 in the old calibration. The remaining radii are com- 
puted by (3’) from i vs. D data as shown in Table 1. 


Slit cam 
Design 
The necessary data are the slit mm values which give equal energy output at 
unit micron wavelengths. As shown in Fig. 2 these slit openings are obtained by 
displacement of a slit wedge at 10 : 1 reduction according to equation (1), the 
wedge in turn being pushed by a pivoted lever whose opposite end follows a cam 
ganged to the wavelength drive. The necessary cam radii to produce these slit 


openings follow from the simple lever relationship 


(7, 


10 
d (Asli 
| sal i) (A slit mm) 


where the factor 25-4 converts cam radii to inches. 
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Illustration 
Angular: same as for wavelength cam. 
Radial: with lever arm ratio L,/L, = 8-00 equation (2) becomes 
(vr, —1,) = 3-15 (A slit mm) in inches. (2’ 


An arbitrary cam radius of 1-20 in. was chosen for completely closed slits. 
The remaining cam radii are computed by equation 2’ from / vs. slit mm data as 
shown in Table 2. 

DESIGN OF SLIT CAM 
pivot » 


slit wedge 


d = 10 slitmm [1] 
ba 
= ( slit mm) (=) [2] 


Fig. 2. 


Table 2. Dimensions of slit cam for NaCl prism 


Calibration data Cam dimensions (in., degrees) 


Slit (mm) 2-7") = 4r Radius = (1-200 + Ar) | 


0 0 
0-018 0-057 
No data 
0-030 0-094 
0-045 0-142 
No data 
No data - 
0-090 0-285 
0-120 0-380 
No data 
0-180 0-570 
No data —- 
0-250 0-790 990 
0-350 1-100 2-300 
0-480 1-550 2-750 


It is seen that the cam radius varies from about 1} in. at 2 4 to 2} in. at 15 ~ wavelength. For a cam 
providing twice this energy level the Ar values in Table 2 would be increased by 40 per cent 


Construction details 


All parts are contained within the normal instrument case in the 4} in. of space 
between monochromator baseplate and table top. Details of arrangement and 
construction are shown in Fig. 3. The first step is to slip the worm drive of the 
chosen worm-and-gear combination on to the wavelength drive shaft; no attempt 
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was made to use the original screw threads. The wavelength gear and two cams 
ganged as a unit rotate on a smooth vertical stationary shaft. Three pins at 120° 
positions on the middle cam and matching “‘shoes” on the gear and outer cam 
provide for unique, reproducible positioning. For a gear of insufficient surface the 
“shoes” can be provided on an auxiliary plate which, along with a spacer, is 
soldered to the gear. The upper end of the shaft is threaded into a short arm which 
in turn is bolted to the instrument baseplate, an arrangement flexible enough for 


Energy background 


| 


Fig. 4. Performance of modified spectrometer. 


careful meshing of the gear and worm. The lower end of the shaft is threaded for 
a large retaining nut, which with teflon spacers or a heavy coil spring holds the 
rotating parts firmly in place. The stationary shaft is positioned about 4 in. in 
from the front of the instrument case to give the Littrow arm and slit lever each 
about 2 in. of travel before their motions are impeded by the thermocouple and the 
instrument case, respectively. 

The Littrow lever is without adjustment at the pin which rides along the wave- 
length cam, since independent Littrow mirror adjustment can be made at the 
mirror. However, the slit lever has two adjustable points. The pin adjustment at 
the slit cam can provide a constant increment to all slit openings, whereas the arm 
length adjustment provides for a selection of slightly different slit schedules. 
Since the former effect preferentially influences the narrow slit openings at short 
wavelengths whereas the latter one can preferentially affect energies at longer 
wavelengths, a useful degree of flexibility is provided. Obviously the underside of 
the instrument must be accessible. Since cam interchange is only the matter of a 
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minute, it is easy to interchange slit cams providing a widely different slit schedule. 
Manual slit operation is still possible, since even with the cam in place, the slit 
micrometer can always override the cam. 


The cams were made of } in. brass, and after rough cutting to approximate 


Modified i2-C 
Micro sample 


Beckmon iR-4 
Mocro sample 


Fig. 5. Comparison between modified and unmodified performance, 


shape were finished by hand filing by trial and error. An arrangement should be 
used during filing to maintain a vertical edge. 


Spectra with modified instrument 
Fig. 4 shows the energy trace and linear wavelength scale of the modified 12-C. 
Wavelength accuracy is 0-02 4 or better. By inverting the up-and-down scale 
direction of the Brown recorder, the spectra are similar in appearance to those of 
the Perkin-Elmer model 21 or the Beckman model IR-4; the wavelength scale of 
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2 in./u is identical with theirs. Brown chart No. 6276-N, with rulings every 0-2 in. 
at 0-1 « positions, is especially useful. 

Comparison of a typical sample spectrum run on the 12-C before and after 
modification and on a Beckman IR-4 is shown in Fig. 5. Circulation of dried air 
through the instrument has effectively removed most atmospheric water vapor 
absorption, though not CO,. Other typical spectra are shown in Fig. 6. All these 


Coproporphyrin | ester 


il 


| 


Fig. 6. Spectra of microsamples obtained with modified spectrometer 
and reflecting microscope. 


spectra run on the modified instrument are from less than 20 yg of sample and 
were run employing the Perkin-Elmer model 85 reflecting microscope and a 
scanning rate of 2 min/u. Since these spectra were run, atmospheric absorption has 
been virtually eliminated by a Lectrodryer*, and installation of a high-gain Reeder 
thermocouple? in the microscope has greatly reduced amplifier noise. 


Discussion 

Spectra obtained in routine operation of the modified 12-C (with or without the 
reflecting microscope) are practically indistinguishable from those run on the best 
modern spectrophotometers. Since a number of special accessories like the reflecting 
microscope have been fitted only to the 12-C, its conversion to linear operation 
becomes particularly valuable here. It is hoped that the simplicity and economy 
of this conversion and the far greater utility of resulting spectra will encourage 
others using the 12-C to convert their instruments to more useful operation 
along these lines. 


* Lectrodryer type B-A, size 6, Pittsburgh Lectrodryer Division, McGraw Edison Co., Pittsburgh. 
+t Type RP-3W for model 85 microscope, Charles M. Reeder and Co., Detroit. 
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Infrared microspectra of biochemical substances—II 
Pressed KBr micropellets for use with reflecting microscope* 


H. L. Dinsmore 
Bethel College (St. Paul, Minnesota), University of Minnesota Department of Medicine 


P. R. EpmMonpson 
University of Minnesota Department of Medicine, Minneapolis, Minnesota 


(Received 6 August 1956) 


Introduction 

tecENT infrared studies of solid biochemical materials have emphasized the 
utility of the pressed KBr pellet technique on a semi-micro scale [1]. The general 
methodology has been a simple scaling-down of macro dies and accessories to 
smaller sizes so as to obtain pressed pellets 1-5 mm in dimensions for mounting 
between beam-condensing optics [2, 3]. By such methods it is not easy to prepare 
pellets containing less than 1-2 mg of KBr and 10-20 ug of sample. In comparison 
with the above semi-micro range, reflecting microscopes, such as the Perkin-Elmer 
model 85 [4], offer another tenfold reduction in sample size, their focal area being 
approximately 0-6 » 0-2 mm, with provision for diaphragming this down further. 
Accordingly the microscope makes it possible to use appreciably smaller KBr 
pellets, containing only from 0-1 to 0-4 mg of KBr and a few micrograms of sample. 

We have found that such tiny KBr pellets are easily made routinely without 
employing conventional metal dies of any sort. These micropellets are prepared 
by placing the pulverized mixture of sample and KBr in a tiny depression in a 
piece of plastic and pressing it between this surface and a matching ball bearing. 
The resulting pellets are very transparent and are remarkably resistant to subsequent 
fogging. Their maximum cross-section can easily be made as small as 0-5-1 mm, 
and their slightly curved shape permits easy removal from the ball and depression. 


Preparation of micropellets 
The operations in sample and pellet preparation are illustrated in Fig. 1. The 
“die” is a small depression made by pressing a | mm diameter (or smaller) steel 
ball about one-fourth way into a block of plastic, such as lucite or Plexiglas. Use 
of a glass microscope slide and a small steel rod as mortar and pestle in the grinding 
operation has been entirely satisfactory, and the flat surfaces enable transfer of 
minute amounts of material to the ‘“‘die’’ without loss. Only enough material is 


* Presented at The Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy, 
March 1959. 
1) W. B. Mason, Perkin-Elmer Instr. News 10, 1 (1958). 
2) J. U. Warre, W. M. Warp et al., Anal. Chem. 30, 1694 (1958). 
. H. ANDERSON and N. B. Woopaty, Anal. Chem. 25, 1906 (1953). 
’. J. Coates, A. Orrner and E. H. Srecier, Jr., J. Opt. Soc. Am. 43, 984 (1953). 
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(1) 


Bal! bearing | mm. diameter 


\ 


Lucite block die 


(3) 


Small hard steel! rod 


Sample and salt are ground 
together for about '% minute 
using flat end rod 


(a) 


(4) 


Mixture is hecped up 
with smal! spatula 


(5) 
ond is tronsferred 


= fo die and (7) 


wee 
| Pressure is applied 


for about minute 


Wiz, with o bench vise 


small boll ts ploced 


on the mixture 


(8) 


Pellet Boll is lifted out with 
tweezers 


@ © 
Pellet is a tiny saucer weighing about 0.4 -0.7 mg 


(b) 


Fig. 1. Operations in micropellet preparation. 
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Spectra of Micro Pellets 
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Fig. 3. Spectra of micropellets. 
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ball; (b) sample and KBr on slide before mixing; (¢) ground mixture on slide with pestle; 
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needed to fill the depression in the “die” about three-fourths full. Then the ball is 
placed on top, and pressure from a bench vise for 10-30 sec produces the micropellet. 
Prying at one edge with a needle or razor blade usually detaches the pellet quickly 
from the ball or ‘die’. Pellets have been found to stick seriously only when the 
sample was moist. 

When greater absorption is desired a second (and even third) pellet can be 
superimposed on the first one and the two pressed together between the ball and 
“die” by gentle pressure for a few seconds. Very limited amounts of sample, 
permitting only one pellet, have been run by splitting this pellet along its diameter 
with a razor blade and pressing together the superimposed halves. In Fig. 2 are 
shown photographic enlargements of a finished pellet and a split pellet, as well as 
the quantities of sample and KBr routinely worked with. It is not difficult to scale 
down these quantities by a factor of 2 or more by using a smaller ball. 


Spectra of micropellets 
Spectra of 6-10 ug samples, run as micropellets with the instrumentation 
described by DinsMoRE|5], are shown in Fig. 3. These spectra, scanned at 0-5 y/min, 
are fully comparable in detail and clarity with the best macro spectra. Since these 
spectra were run, installation of a high-gain Reeder thermocouple* has reduced 
amplifier noise appreciably below that shown here. 


Discussion 
Pellet preparation by the present technique appears to embody the simplicity 
needed for routine work on a truly micro scale, while the simple method of sample 
grinding overcomes waste and various limitations found by some other investi- 
gators [1, 2] and avoids tedious operations and delay of freeze-drying. It would 
appear that biochemical research need no longer be hampered by inferior infrared 
spectra (or no spectra at all!) when only microgram quantities are available. 


. Type RP-3W for model 85 microscope, Charles M. Reeder and Co., Detroit. 
[5] H. L. Dinsmore, Part I. This issue, p. 1025. 
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The infrared and Raman spectra of the pentafluoroethyl halides 


O. Risers and C. TayLor 
Department of Chemistry, The University of Michigan, Ann Arbor, Michigan 


(Received 6 August 1959) 


Abstract—The infrared spectra of the pentafluoroethyl halides have been investigated in the 
gaseous state with double-beam prism spectrometers using NaCl and CaF, prisms, and the 
Raman spectra of the compounds have been obtained for both the gaseous and liquid state. 
Depolarization ratios were determined for the Raman spectra of the liquids. All eighteen funda- 
mental frequencies have been identified and assigned with the help of the correlation among 
the spectra of the three compounds. The barrier heights of the potentials hindering internal 
rotation have been calculated from the observed torsional frequencies assuming rigid groups. 
An empirical correlation has been observed between the amount of overlap of the fluorine and 
halogen atoms on the two end groups of the molecule and the contribution of the fluorine—halogen 
interaction to the barrier height. 


Introduction 


THE similarities in the vibrational spectra of the pentafluoroethy! halides permit 
an assignment of the vibrational frequencies to be made with relative ease when 
the spectra are considered together. In this investigation the infrared and Raman 
spectra of all three pentafluoroethyl halides have been determined, and all the 
fundamental frequencies assigned. The assignment differs in some respects from 


previously published assignments [1, 2, 3]; in particular all eighteen fundamental 
frequencies have been observed and assigned. 


Experimental 

Pentafluoroethy! chloride was made available through the courtesy of Professor 
J.J. Marrry of the Chemical Engineering Department of the University of Michi- 
gan, who had obtained it from the Jackson laboratories of the E. I. DuPont de 
Nemours Co. It had been prepared for PVT’ studies and was further purified by 
trap to trap distillation. Pentafluoroethyl bromide and iodide were synthesized 
in this laboratory by the procedure of Von Grosse et al. [4]. Perfluoropropionic 
acid, kindly supplied by the Minnesota Mining and Manufacturing Co., was 
neutralized by Ag,O, and the silver salt decarboxylated by reaction with the appro- 
priate halogen. The product was purified by passage over KOH and P,O,, and was 
further purified before use by several trap to trap fractionations in a vacuum line. 
A constant vapor pressure was taken as an indication of purity. The observed 
spectra show no indication of the presense of sizeable quantities of impurities. 

The infrared spectra were recorded by a Perkin-Elmer Model 21 double beam 
spectrometer equipped with both CaF, and NaCl prisms. The Raman spectra 


1) J. R. Nretses, C. Y. Liane, R. M. Smrru and D. C. Smiru, J. Chem. Phys. 21, 383 (1953). 
2) P. Kianoe and J. R. Nrevsen, J. Chem. Phys. 30, 1375 (1959). 

3) J. R. Barcero, J. Research Nat. Bur. Standards 44, 521 (1950). 

4) M. Hauprscners and A. Von Grosse, J. Am. Chem. Soc. 73, 2461 (1951). 
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were recorded photographically by a Gaertner two prism spectrograph with a 
linear dispersion of 16 A/mm. Details of the Raman spectrographic apparatus 
have been published previously [5]. The Raman spectra of the liquid penta 
fluoroethy! halides were determined at about — 40°C, while the spectra of the gases 


2000 


Fig. 1. The infrared spectra of C,F,Cl, C,F,Br and C,F,I. 


were determined at room temperature and a pressure of about 5atm. The de- 
polarization ratios of the liquids were determined by the two exposure method 
using Polaroid cylinders around the sample tubes to polarize the incident light. 
C,F,1 showed photochemical decomposition even at low temperatures, liberating 
free iodine, and therefore it was not possible to determine the Raman spectrum of 
gaseous C,F.1. The infrared spectra of the compounds are reproduced in Fig. | 
and microphotometer records of the Raman spectra are reproduced in Figs. 2 and 3. 


Experimental results and assignments 


The pentafluoroethy! halides, if either the eclipsed or the staggered form is the 
stable configuration, would have just one plane of symmetry and belong to the 


[5) R. C. Tayior and G. Vinae, J. Am. Chem. Soc. 78, 294 (1956). 
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point group ©,. One would expect, therefore, eleven A’ fundamentals polarized in 
the Raman effect and seven A” fundamentals which are depolarized. Because 
there are many fundamental vibrations of the same symmetry and close frequencies, 
the possibility of mixing of valence co-ordinates in the normal co-ordinates of 
vibration is high, and the description of the observed fundamental frequencies 
in terms of particular valence co-ordinates is probably not very accurate. Neverthe- 
less, the spectra of all three compounds are quite similar, and by following the 


C,F,C! (g) 


C,F,Br (9) 


l 
1000 1500 


Fig. 2. Microphotometer records of the Raman spectra of gaseous C,F,Cl and C,F Br. 


increase of intensity of certain groups of frequencies in the Raman effect due to 
the increase in polarizability in the series Cl, Br and I, it is possible to assign certain 
vibrations to the CF,X group. Also, the shift in frequency with increasing halogen 
mass and the correlation with the spectrum of C,F, are valuable aids in assigning 
the fundamental modes of the pentafluoroethy! halides. 

The highest frequencies necessarily are fluorine stretching modes. The highest 
frequency in all three halides (1354, 1340 and 1322 cm~') is depolarized in the 
Raman effect, and shifts relatively little with increasing halogen mass; it is 
therefore assigned to v,,, an A” stretching mode of the CF, group derived from one 
member of »,, a degenerate vibration of C,F, at 1250 cm~' with symmetry £,,. 
Relative to the other fluorine stretching modes the intensity in the Raman effect 
decreases with increasing halogen polarizability. 

The second highest fluorine stretching mode is complex. The infrared absorp- 
tion band is broad, with two weak maxima; the center of the band lies at 1240, 
1238 and 1234 cm~' in the chloride, bromide and iodide, respectively. The Raman 
spectra of the liquids, however, show a closely spaced pair of lines in the same region 
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with the stronger band at 1226, 1218 and 1210 cm~! and the weaker bands at 
almost the same frequencies as the strong infrared absorption bands. In the Raman 
spectra of the gas, all the fluorine stretching modes are broad. The A’ modes do 
not show the expected sharp Q-branch, a result apparently characteristic of 
fluorocarbons, and therefore the two bands cannot be resolved in the Raman 
spectrum of the gas. Instead, the observed band centers (1233 and 1228 cm~! in 


(1)| 


4 — = 


C,F,8r ay 


| 


1 
500 1000 1500 em~ 


Fig. 3. Microphotometer records of the Raman spectra of liquid C,F ,Cl, C,F ,Br and C,F,I. 


the chloride and the bromide) are the averages of the two values of the frequencies 
in the liquid. It was therefore concluded that there are two closely spaced funda- 
mental frequencies, the higher stronger in the infrared and the lower stronger in 
the Raman. The conclusion is substantiated by the overtones in the infrared 
spectrum, where there is a broad band corresponding to the overtone of the strong 
infrared band, and a weaker shoulder corresponding to a combination between 
the two frequencies. 

Both bands are polarized in the Raman spectra of the liquid, although the 
measurements are uncertain for the weaker band. They have been assigned to 
vy, and »,, A’ fluorine stretching modes of the CF, group. The higher frequency, 
v,, is correlated with the A,, fluorine stretching mode of C,F, at 1420 cm~! and 
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Table 1. Infrared spectrum of C,F Cl 


Frequency Assignment Symmetry 


2506 (2594) 
2540 (2535) 
2482 2p (2480) 
2470 (2466) 
2364 2y,. (2362) 
2261 2y (2258) 
2222 (2222) 
(2111) 

(2115) 

2005 (2001) 
1972 (1968) 
1941 ' , (1946) 
(1800) 
1832 (1835) 
1785 (1784) 


727 (1722) 


1680 ’ (1680) 
1610 Pas (1614) 
(1575) 
(1574) 
(1537) 
(1540) 
1462 (1463) 
(1412) 
(1408) 


1576 


1538 


1412 

1354 

1346 (1344) 
(1312) 

1311 (1313) 
(1316) 

(1298) 

1295 w (1299) 

1240 vvs, br 

vs 

1129 vs 

1086 w, sh (1087) 
(1036) 
(1038) 

1031 (1033) 

91s (920) 

SS4 (S80) 


1038 


(878) 
(874) 
783 vvw, 8 (786) 
767 
| 
754) 
722 w 


654 w 


S76 w 


4 

| 15. 
A’ 

A’ 

a’ 

A’ 

A’ 

A’ 
A’ 

4 a’ 

4 a’ 
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Table 2. The infrared spectrum of C,F Br 


Frequency Assignment Symmetry 


2584 w 
2525 vvw 
2474 w, br 
2460 sh 
2356 w 
2300 w 
2247 w 
2197 vw 


2180 vw 


bo bo bo bo te te be 


2135 vvw 
2096 vvw (2095) 
2075 vvw le + (2072) 
1996 w, br , , (1993) 
(1936) 
(1937) 
(1880) 
1879 vw , ’ (1880) 
(1872) 
1843 vw tle 4 ’ (1851) 
1816 vw (1816) 
1761 w (1759) 
l7l7 w (1717) 
1680 vw (1676) 
1620 vw na (1620) 
(1563) 
(1570) 
(1536) 
(1539) 
(1492) 
1494 w (1495) 
(1494) 


a 


1940 vvw 


1565 w 


1535 w 


1467 w 

1406 w, sh (1410) 
(1396) 
(1392) 
(1372) 
(1369) 


1395 w, sh 


1372 m 


1340 vs 

1308 m (1303) 
(1279) 
1277 w, sh (1279) 
1238 vvs, br 

1182 vs 

1125 vs 

(1084) 
(1087) 
1046 m (1042) 
1004 vvw (1000) 


1083 m, sh 


Vio (9578) A” 
Vio Vig (8522) A’ 
(476) A’ 
+ (9456) A’ 
(9364) A’ 
Vs Vig (8307) A’ 
(250) A’ | 
Ve (2185) 
5 
A” 
A’ 
A” 
A’ 
a” 
A’ 
A” 
A’ 
a’ 
a’ 
A” 
A’ 
A” 
A’ 
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Table 2 (contd.) 


Frequency Assignment Symmetry 


967 w, sh 2+, (965) 
947 vs 
925 w, sh 1 +4 (924) 
vw - (902) 
(876) 
(877) 
843 w ta? (S50) 
813 vw Pas (815) 
7384 vw (787) 


7098 


S78 w 


755 vs 

730 w, sh 2y (734) 
695 vw 

668 vw, sh ) (666) 
633 m 


the lower frequency, v,, is correlated with the other member of the degenerate 
mode of C,F, at 1250 cm~!. Since both », and », have the same symmetry, the 
coupling between the two modes must be weak to give such a small splitting. 
Considering the form of the normal vibrations as similar to the corresponding 
vibrations in C,F,, », is a simultaneous stretch of all three fluorines, while », is 
primarily a stretching motion of the fluorine in the symmetry plane of the molecule 
moving out of phase with the other two. The fundamental », may possibly be 
broadened by Fermi resonance with the combination v, + ¥,;, which in all three 
halides falls at about the frequency of y,; there are other combinations which also 
could resonate with »,. The assignment of vy, and », to the CF, group is upheld by 
the low shift of frequency with increasing halogen mass. 

The next frequency, 1182, 1181 and 1161 em~' in the three halides, respectively, 
is depolarized in the Raman spectrum and has been assigned to v,,, an A” stretching 
mode of the CF,X group. It is correlated to one member of the degenerate pair 
of vibrations of C,F, at 1237 em~'. The other member of the pair corresponds 
to the following frequency, 1129, 1125 and 1113 cm~! in C,F,Cl, C,F,Br and 
(,F,I, respectively, which is polarized in the Raman effect. It is assigned to rs, 
an A’ vibration of the CF,X group. 

The frequency at 982, 947 and 923 cm~! in the three compounds shows the 
largest shift in frequency, and also a large increase in intensity in the Raman 
spectrum on going from Cl to I. It has been assigned by NreLsen [1] to the C—C 
stretching mode, but it seems unreasonable that the C—C stretching mode should 
increase in frequency on substitution of a chlorine atom for a fluorine atom. 
Furthermore, if all the energy of the vibration is concentrated in the motion of the 
two groups along the carbon-carbon bond, that is, if the molecule is considered 
as a pseudo-diatomic molecule and the force constant is assumed not to change 
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Table 3. Infrared spectrum of C,F I 


Frequency Assignment Symmetry 


2553 + (2556) 
2465 2y (2468) 
2440 (2444) 
2318 w 2y (2322) 
2253 (2274 
2219 (2296) 
2067 las (2069) 
2034 (2036) 
1978 vw ’ 's (1981) 
1858 (1855) 
(1824) 
2 (1831) 
1733 (1734) 
1696 (1703) 
1596 (1594) 
1537 (1534) 
(1510) 

(1513) 

(1461) 

(1457) 

(1367) 

5 7 (1368) 

1349 (1343) 


1322 


1828 


1515 


1460 


1367 


(1280) 
1286 (1289) 
1234 

(1185) 
(1183) 
1161 

1113 

1021 ne +9 (1023) 
1006 (1009) 
(987) 
(987) 
(956) 
(956) 


962 
923 
900 (899) 
851 as (852) 
807 (806) 
751 
747m 
743 
(732) 
730 w le + (733) 
(728) 
633 vw (666) 
615? m 


” 
cao 
a’ 
A” 
A’ 
a’ 
F a” 
a’ 
A” 
A’ 
A’ 
A” 
A’ 
A’ 
a 
A’ 
A’ | 
A’ 
a 4 
A’ 
A” 
1’ 
a’ 
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with the change of the halogen substituent, then the calculated shifts in frequency 
are an upper bound to the observed shifts. If the assumption is correct (and the 
meager data on the carbon—carbon bond distance in fluorocarbons seem to support 
it) then the observed shifts are too large to support the assignment of this frequency 
to the carbon—carbon stretch. The large change in intensity in the Raman effect 
indicates that this vibration, v,, is primarily a halogen stretching motion. However, 
the value of the frequency is too high to be a pure C—X stretch, indicating that 
there is considerable mixing of co-ordinates in the stretching motions. 

The carbon—carbon stretching mode, v,, has been assigned to the next frequency 
at 761, 755 and 747 cm~'! for the three halides. This mode is the most intense in 
the Raman spectrum, and is very highly polarized; it also shows a PQ R structure 


Table 4. Raman spectrum of C,F,Cl 


Liquid Gas Assignment 


1352 m, depol. 1348 w, br Vio a” 
1237 w, pol. 1233 m, br ") a’ 
1226 m, pol. Vo a’ 
1178 m, depol. LIS] w, br Vig a” 
1124 m, pol. 1125 w, br Vs a 
986 m, pol. 978 m, br 5 a’ 
783 vw, Ve + Vag i” 
761 vvs, pol. 760 vs, sh Vs a’ 
706 vw, depol. Vig a” 
648 s, pol. 646 s, sh Ve a 
596 s, depol. 593 m, br Vis a” 
558 s, pol. 558 m, sh Vy a’ 
443 vvs, pol. 440 vs, sh Ve a’ 
364 vs, pol. 362 s, sh Vg a’ 
334 vs. depol. 334 m, br Vig a” 
317 vvs, pol. 316s, sh Vio a’ 
260 vw, pol? Vay a’ 
187 s, depol. 183 m, br Vir a” 
73m, 


in the infrared, and is assigned to an A’ species. Unlike rv, it correlates with the 
C—C stretch in C,F,, an A,, vibration at 809 cm~'. The very high intensity and 
the very high polarization in the Raman effect support the assignment to the C—C 
stretching mode, as does the moderate shift in frequency with increasing halogen 
mass. The next frequency is somewhat uncertain. A weak band appears in the 
taman spectrum at 706, 698 and 687 cm~', and might possibly be due to the 
excitation of », by the mercury line at 4347-5 A; however, the band appears in a 
spectrum excited by the 4046 A mercury line, and is depolarized, while v, is highly 
polarized. The band appears only very weakly, if at all, in the infrared spectrum. 
The weak band in the infrared at 722, 730 and 730 cm can be explained as a 
combination enhanced by Fermi resonance with v,. The Raman bands are therefore 
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assigned to an asymmetric fundamental, »,,, which is correlated to one member 
of a degenerate CF, deformation of C,F, at 620 em-. 

Next comes a group of three closely spaced bands which do not shift much with 
increasing halogen mass, and which do not increase in intensity with increasing 
halogen polarizability. The first band, at 646, 634 and 621 cm-! in the three 
compounds, is definitely polarized and is assigned to y,, an A’ fundamental. Since 
it can be correlated with the A,, fundamental at 714 cm, it may correspond to 
the “umbrella” deformation of the CF, group, but a definite assignment of the 
fundamentals is this region to particular valence co-ordinates is uncertain at best. 


Table 5. Raman spectrum of C,F Br 


Liquid Gas Assignment 


1339 m, depol. 1340 m, br 
1312 vvw — — 
1240 w, pol? 1228 m, br 
1218 m, pol. 
1175 w, depol. 1181 w, br 
1114 m, pol. 1123 m, br 
944 m, pol. 946 m, br 
753 vvs, pol. 754 vvs, sh 
698 vw — 
652 vvw — 
634 s, pol. 634 s, sh 
592 s, depol. 590 m, br 
549 s, pol. 548 s, sh 
439 w, depol. 438 w, br? 
369 vs, pol. 367 s, sh 
332 vs, pol. 332 vs, sh 
299 vvs, pol. 298 vs, sh Vio 
245 vw, — V9 (Hg 4347) 
222 vw, — . a’ 
153 s, depol. 154 m, br 
70 m, depol? 


The second band at 593, 590 and 590 em~' is depolarized and assigned to v,;, an A” 
deformation of the CF, group. The third band of the triplet, at 558, 548 and 544 
em~', is polarized and is assigned to an A’ fundamental, v,, of the CF, group. 
In the lower frequency region of the pentafluoroethy! halides, the bands in the gas 
Raman spectra assigned to symmetric motions appear sharp with a definite Q- 
branch while the asymmetric bands are broad. In every case where the bands are 
intense enough in the gas spectra, the band contour confirms the symmetry 
assignment based on the depolarization ratios from the liquid spectra; thus the 
bands in the triplet under discussion are sharp, broad and sharp, respectively. 

The band at 440 cm~' in C,F,Cl is intense, while the bands at 438 and 433 em= 
in C,F,Br and C,F,I are relatively weak. The band in the chloride is polarized, 
while the other two are depolarized. The band in C,F,C! is therefore assigned to 
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the chlorine bending vibration, while the other two are assigned to CF, bending 
modes, possibly the asymmetric rocking mode. The change in the halogen bending 
mode is the only marked dissimilarity in the spectra of the three pentafluoroethy! 


halides. 

The triplet of low frequency lines in the Raman spectra around 300 cm~! are 
the most intense in the spectra. The highest frequency line, at 364, 369 and 366 
em~! is both polarized and sharp in the Raman spectrum; it is therefore assigned 


Table 6. Raman spectrum of C,F 5] 


Liquid Assignment 


1321 w, depol. 

1234 w, pol? 

1210 m, pol. 

1153 w, depol. 

1100 m, pol. 

917 s, pol. 

744 vs, pol. 

687 vw, 

622 vs, pol. 

590 s, depol. 

544 vs, pol. 

433 m, 

366 vs, pol. 

300 vs, pol. 

262 vvs, pol. 

223 w, 

204 w, (Hg 4347) 
162 vvw, (Hg 4339) 
133 vs, a” 


70" 


to an A’ fundamental, v, in C,F,Cl and », in the other two compounds. The Raman 
band at 334 cm~! in the spectrum of C,F,Cl is both depolarized and broad, and is 
likely to be an A” model, »,,, an asymmetric bending mode of CF,. However, in 
C,F,Cl the mixing of the co-ordinates in the bending modes appears to be more 
pronounced than in the other two halides. Probably a normal co-ordinate treatment 
is needed to determine the best description of the fundamentals. The corresponding 
mode at 332 and 300 cm~! in the bromide and the iodide is definitely symmetric 
and corresponds to a symmetric deformation of the CF, group. The most intense 
band in the Raman spectrum of C,F,;Br and C,F,I is the lowest member of the 


triplet at 298 and 262 cm~! and can be correlated to the A,, deformation mode of 


C,F, at 349cem~'. Both band contour and depolarization ratio require the band 
to be A’; it is assigned because of its intensity to the halogen bending mode. The 
corresponding frequency in C,F,Cl, at 317 em~', is also symmetric, and corresponds 
to a CF, deformation. 
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There is a weak Raman line at 260, 222 and 223 cm~' whose depolarization 
ratio could not be determined accurately, but which seemed to be polarized. It is 
assigned in all three compounds to the symmetric CF, rocking mode, v,,._ The more 
intense, broad and depolarized Raman band at 187, 154 and 133 cm~! is assigned 
to the asymmetric A” CF,X rocking mode. Both of these frequencies can be 
correlated to a degenerate E, rocking mode of C,F,. Finally, the lowest frequency 
must, by elimination, correspond to the torsional oscillation. In C,F,;Cl and 


Table 7. Fundamental frequencies of the pentafluoroethy! halides 


Chloride Bromide lodide 


CF, stretch 

CF, stretch 

CF, stretch 

CF,X stretch 

C—C stretch 

CF, deformation 

CF, deformation 

C—Cl bend; CF, rock 

CF, deformation 
deform; C-—X bend 
y rock 


stretch 

'F, stretch 
3 deformation 
'F, deformation 


Torsion 


C,F,Br the lowest frequency is resolved from the exciting line, and the frequency 
is well established at 73 and 70 cm~! in the spectra of the liquids. The torsional 
oscillation of C,F 1 is more intense, and was not too well resolved from the exciting 
line; its frequency is estimated at about 70 cm~!. 


Discussion 

In general, the infrared spectra of C,F,Cl and C,F Br agree within experimental 
error with the previously published results of NreLSEN and Barcevo {1, 2, 3]. 
Additional bands have been found in the Raman spectra of the liquids, and con- 
sequently the interpretation of the spectra is somewhat different. NreLsEN 
assigned the highest fundamental to an A’ mode, but the depolarization measure- 
ments and the infrared band contours both indicate that this band is an A” mode 
in all three halides. He also found two closely spaced bands in the Raman spectrum 
of C,F,Cl in the vicinity of 1230 cm~'!, but only one band in C,F,;Br. In this 
investigation it was found that two closely spaced bands occurred in this region in 
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all three halides, and that the frequencies of all the other fluorine stretching modes 
shifted little in the Raman spectra with change of state. Therefore both frequencies 
were assigned to fundamental modes. In general it was found that the fluorine 
stretching modes were little affected by changes of halogen in the molecule. 

Another point of disagreement with NrELSEN’s assignment [1, 2] is the designa- 
tion of the C—X and C—C stretching modes. The assignments of NIELSEN have 
been reversed for the reasons given earlier; the present assignment is also supported 
by the appearance of two bands around 900 cm~! in CF,CFCI, [1], in the region 
to which the C—X stretch has been assigned. The frequency of the C—X stretch 
is high, and probably there is some mixing of co-ordinates, of C—Cl and C—F 
stretches in C,F,Cl and of C—I and C—C stretches in C,F,I. 

NIevsen [1] found that the band in C,F,Cl at about 440 cm~' in the Raman 
spectrum did not coincide with a band in the infrared spectrum at about 454 cm—, 
and therefore assigned both bands to fundamentals. However, no evidence was 
found in the Raman spectrum of either liquid or gas for the presence of two bands 
in this region, and apparently the two bands correspond to the same vibration. 
He also stated that the band at about 183 cm~! was a composite of an A’ and an 
A” vibration, but it was found that this band is completely depolarized and there- 
fore should belong to an A” vibration. Those fundamentals assigned by NIELSEN 
to bands not confirmed by the present work have been reassigned. 

For C,F, Br, NreLseN [2] reported that the band at 299 cm~' was a composite 
band. However, its depolarization ratio was found to be of the same magnitude 
as that of the other A’ bending modes, and no shift in frequency was noted between 
the parallel and perpendicular components of the Raman band; it is therefore 
assigned to a simple A’ vibration. Similarly, in this investigtion no evidence of a 
Raman band was found at 167 cm~! where NreLsen had reported a very weak 
band. None of the Raman bands underwent a shift of frequency with a change of 
polarization, so it was concluded that none of them were composed of two partially 
resolved superimposed bands. 

The strongest evidence for the correctness of the present assignment is the 
correlation diagram, which shows a high degree of regularity (Fig. 4). The relative 
intensities shown are those of the Raman spectra of the liquids, enabling one to 
follow the increase of intensity due to increasing halogen polarizability in the 
frequencies associated with the vibrations involving the halogen substituent. 
For comparison, the fundamental frequencies of C,F, taken from the papers of 
Nretsen, Ricuarps and McMurray [6] and Rank and Pace [7] are included 
in the diagram. The correlation diagram is most useful in a series of homologous 
compounds such as the pentafluoroethy] halides where the chemical bonding changes 
very little and where the force fields of the molecules would be expected to be quite 
similar. The fact that such a regular correlation can be made is excellent evidence 
for the correctness of the assignment. 

The torsional oscillation frequency was observed in all three halides, although 
the value of the frequency is least certain for C,F,I. From the observed frequencies 


J. R. Nuevsew, C. M. Ricuarps and H. L. McMurry, J. Chem. Phys. 16, 67 (1948). 
D. H. Rawk and E. L. Pace, J. Chem. Phys. 15, 39 (1947) 
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. Correlation diagram for the fundamental frequencies of hexafluoroethane and the 
pentafluoroethy! halides. 


Fig. 


the barrier heights of the potential hindering rotation were calculated under the 
usual assumptions of a sinusoidal potential function and rigid rotation about 
the C—C axis [8]. Bond distances and angles were taken from the trifluoromethyl 
halides, whose structural parameters have been measured accurately by electron 
diffraction using the sector method [9]. The barrier heights so determined are 
listed in Table 8; they increase in a regular fashion with increasing halogen size 
suggesting that repulsion between non-bonding orbitals is the main factor in the 
hindering potential. The barrier height for C,F, as estimated by Pace [10] is 


included for comparison. 


Table 8. Potential barriers restricting internal rotation 
for the pentafluoroethyl halides 


Barrier 


Compound 
(em) 


1521* 
1984 
2237 


2480 


wwe 


AAA A 
o 


* Ref. [8]. 


[8] G. Herzeerc, Infra-red and Raman Spectra p. 226. van Nostrand, New York (1945). 

{9} L. 8. Barrett and L. O. Brockway, J. Chem. Phys. 23, 1860 (1955); R. E. AnpEerson, Thesis, 
University of Michigan (1956). 

{10} E. L. Pace, J. Chem. Phys. 16, 74 (1948). 
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An interesting empirical correlation was found between the observed barrier 
heights and the overlap of the interacting atoms. The distance between a fluorine 
atom on the CF, group and the halogen atom on the other end of the molecule 
was calculated assuming the end groups to be rigid and the molecule in the eclipsed 
configuration, and taking the C-—C distance to be 1-52 A. The difference between 
the sum of the Van der Waal’s radii of the two atoms [11] and the calculated 
interatomic distance was taken to be a qualitative measure of the overlap of the 
non-bonding orbitals of the two atoms. It was then assumed that the potential 
barrier hindering rotation could be separated into a sum of three terms representing 


| 


e 
WTRIBUTION TO BARRIER HEIGHT 


between the amount of overlap of opposing fluorine and 
nteraction to the barrier height of the poten 
reting internal rotation 


the pairwise interactions of the three atoms of one end group with the corresponding 
atoms of the other end group, and that the terms representing the F—F interac 
tions were constant in all four members of the series of compounds. The con 
tribution to the hindering potential from the F—X interaction was then calculated 
by subtracting two-thirds of the barrier height in C,F,, corresponding to the 
contribution of two F—F interactions. When the amount of overlap was plotted 
against the contribution to the barrier height from the F—X interaction, the 
points were found to lie on a straight line passing through the origin (Fig. 5). It 
would appear, then, that if there were no overlap there would be no hindering 
potential, a result expected if the potential barrier is due primarily to repulsive 
interaction of non-bonding orbitals. This conclusion is plausible on physical 
grounds as well; if the barrier were due to dipole-dipole interaction, it would be 
expected to decrease in the series of the halogens, since the bond moment of the 
(—X bond decreases on going from F to I. If the barrier were due to induced 
dipole moments, then the potential would be attractive, not repulsive, and the 
barrier height would decrease with the increasing polarizability of the halogen 
atom. 


11) J. A. A. Kerecaar, Chemical Constitution (2nd Ed.) p. 201. Amsterdam (1958). 
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Abstract—Here is given a method for determining contributions by each component to the 
absorption spectrum for a system, X y = Z where X, Y and Z may absorb light at the same 
wavelengths. The concentration of Y must be much larger than that of X; and X, Y and Z 
each must obey Beer's law. Applications of this method are mentioned. Molar extinction 
coefficients for X, Y and Z, and & are calculated from absorption spectra data at different 
concentrations 
Introduction 

SPeECTROPHOTOMETRIC methods have been used increasingly during the past 5 
years to show that many substances (e.g. I,, ICl, SO,, chloranil, inorganic ions) 
form | : | complexes with many organic compounds. These methods have been 
described by Benest and Hi_pEBRAND [1], ANDREWws and Keerer [2], KeTecaar 
etal.{3), pe Marne[4], and Scorr[5]. All methods require that the molar extinction 
coefficients for both reactants be known. Thus it is always necessary to assume 
that the molar extinction coefficients of both reactants are unchanged in going 
from separate solutions to the mixture. OrGeL and MULLIKEN [6] have suggested 
that this assumption, hitherto unavoidable, is not justified. These authors also 
suggest that reported contradictions of the simple charge-transfer theory |7] for 
the iodine-aromatic compound complexes may be resolved by supposing that the 
molar extinction coefficient for “uncomplexed” iodine does depend on the nature 
of the solvent or solvent mixture. 

Here is presented a method for the analysis of absorption spectra for systems, 


X + Y = Z, where X, Y and Z may absorb light at the same wavelengths. The 
method is new in that it permits the determination of molar extinction coefficients 
for X and Y from measurements made on the equilibrium system only. Previously 


calculations were made only for systems where molar extinction coefficients for 
X and Y could be determined by spectral measurements on solutions of X and Y 
dissolved separately in inert solvents. In the mathematical considerations which 
follow, it is required that each of X, Y and Z obey Beer's law; and that the 
concentration of Y be much larger than the concentration of X. 


H. A. Benes and J. H. Hicpesranp, J. Am. Chem. Soc. 71, 2703 (1949) 
L. J. ANprews and R. M. Keerer, J. Am. Chem. Soc. 73, 4169 (1951 
J.A. A. Kerecaar, C. VAN DE STo.re, A. Goupsmit and W. Dzcusas, Rec. trav. chim. 71, 1104 (1952). 
P. A. D. pe Marne, J. Chem. Phys 26, 1042 (1057) 
R. L. Scorr, Rec. trav. chim 75, 265 (1055 
L. E. Once. and R. 8. MuiirKken, J. Am. Chem. Soc. 79, 4839 (1957). 
| R. S. J. Phys. Chem 56, 801 (1052) 
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Discussion 
if X+Y2Z 
then 
k =C,/(Cy — Cz) (Cy — Cz) 

where & is the equilibrium constant; Cy and C, are “make-up” concentrations of 
X and Y; (Cy — Cz), (Cy —C,) and C, are the equilibrium concentrations of 
X, ¥ and Z, respectively. 


If Cy >» Cz, the measured optical density, D, for solutions containing X, Y 
and Z is related to their molar extinction coefficients, ¢,, ¢, and ez, thus: 


D = + €x(Cy —Cz) + eyCy. (3) 
(a) The determination of ey 
With the assumption that (C, — Cz) ~ Cy, equation (2) gives 
Cz = kCxCy/(1 + kCy). (4) 
Substitution of this in equation (3), and rearrangement gives 
DIC x (ke,C y ex)/(1 kCy) eyCy/Cyx. (5) 
Equation (5) is linear in C,/C y, and may be solved graphically for e) by plots of 
D/C x vs. Cy/C x for solutions with the same quantity of Y. 
(b) The determination of k, ez and ex 
The following equations are now easily derived: 
D\(Cx — Cz) =(D — eyCy)/(Cx — Cz) = + (6) 
where D = D — e,Cy, and 
CyCy/Dz l/kez + Cy/ez. (7) 


Final values for k, e, and ey may be obtained by a method of successive approxi- 
mations from data for solutions with the concentration of Y (i.e. Cy) varied as 
described in the next sentences. A first approximation for & is obtained from the 
slopes for plots of D/C, vs. Cy (equation 6) with Cy — Cz ~C x; or from plots 
of C,C,/D vs. Cy (equation 7) with the assumption that D, = D. This value 
for k is used in equation (4) to calculate first approximation values for Cz. These 
C, values are used in equation (6) to obtain a better approximation for kez and a 
first approximation for ey. The new ez value is obtained from the formula 


CO xf 


D — ex(Cx —Cz) 
Z 
Cz 
This cycle of operations is repeated until values for ez and ¢, are unchanged by 
further repetition of the process. 
The particular novelty of this method is that molar extinction coefficients for 


k 
X, Y and Z and the equilibrium constant, k, for the system, X + Y = Z, are 


1052 


Method for determining spectroscopic and thermodynamic constants for simple equilibrium systems 


obtained from calculations based only on data from absorption spectra measure 
ments at several wavelengths for a number of solutions containing varying relative 
amounts of X and Y. Useful conclusions about the subject of “complex formation” 
will be forthcoming from applications of this method. 


(c) Application of the new metiod 


As a clarifying illustration of the new method, experiments designed to test 
the “‘Orgel—Mulliken hypothesis” [6] are considered below. Solutions containing 
varying amounts of iodine (=: X) and fixed concentrations of the aromatic donor 
(= Y) with an inert solvent as diluent can be made in the usual way [8]. The 
absorption spectra of the solutions are measured with the inert diluent as reference. 
The several sets of data (one set for each concentration studied) are treated 
mathematically thus: 

(i) Each separate set of cata (I, concentration varied, donor concentration 
fixed) is treated as described in (a) to determine e,-. 

(ii) Data for solutions with fixed iodine concentration (C,), but with varied 
donor concentration, are treated as described in (b) so as to determine ¢y, ¢7 and k. 

The Orgel—Mulliken theory predicts that ¢, depends on solvent composition, 
and that ey and e, both depend on the nature of the inert diluent. 


Acknowledgements—The writer wishes to thank the Research Corporation for a grant in support 
of this work, and the Research Foundation of the State University of New York for a Summer 
Research Fellowship. 


[8] P. A. D. pe Marve, J. Chem. Phy. 26, 1192 (1957). 
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Experimental studies of solution processes—II 
Interaction between nitromethane and di-isopropyl carbinol in carbon tetrachloride 


P. A. D. bE MAINE 
Chemistry Department, New York State College for Teachers, New York State University, 
135 Western Avenue, Albany 3, N.Y. 


A. G. GosLe A. G. Mappock 


University Chemical Laboratories, Lensfield Road, Cambridge, England 
(Re cf ived 5 May 1959) 
Abstract— Quantitative measurements of the ultraviolet absorption spectrum for nitromethane 


di-isopropy | carbinol—carbon tetrachloride solutions have been used to show that the aggregates of 
nitromethane molecules and the single carbinol molecules interact thus: 


with K 7 0-2 mole fraction units at 20-5°C. Other data show that » 2 or 4. 


Introduction 


Gos_Le and Mappock [1] have found that some combined pairs of organic solvents 
extract the protactinium species from aqueous hydrochloric acid more efficiently 
than the separate components do. The optimum extracting efficiency of the mixed 
solvents was observed to occur when their molar ratios were near 1: 1,2: 1,3: 1 
or 4: | depending on which pair of solvents was used. It seemed that these data 
might be quantitatively explained by supposing that the two organic solvents 
combine to form weak stoichiometric complexes. These weak complexes could 
then combine with a species of the protactinium to form a stoichiometric complex 
which would be more soluble in the extracting medium. 

As a preliminary task in a more elaborate program, it was decided to study, by 
spectrophotometric means, the interaction between some selected pairs of organic 
solvents used by GosLe and Mappocx [1] in their extraction studies. 


Experimental 

Carbon tetrachloride and nitromethane were purified as described previously [2]. 
Di-isopropy! carbinol was twice distilled under 10 mm pressure. ‘Sample solutions” 
containing nitromethane, di-isopropy! carbinol and carbon tetrachloride together 
with their corresponding “blank solutions’, containing di-isopropyl carbinol and 
carbon tetrachloride, were prepared. 

The absorption spectrum for each of the “sample solutions’’ was measured 
against the appropriate “blank solution” with an Unicam Spectrophotometer and 
| em stoppered quartz cells. The spectra for nitromethane and di-isopropy! carbinol 
dissolved separately in carbon tetrachloride were also measured. 


1) A. G. Gosie and A. G. Mappock, J. Inorg. and Nuclear. Chem. 7, 94 (1958). 
2) P. A. D. pe Marye, M. M. pe Marve and A. G. Gosie, Trans. Faraday Soc. 53, 427 (1957). 
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The Unicam instrument and the matched 1 cm stoppered quartz cells were 
recalibrated as described previously [3]. It was found that with a battery capacity 
near 200 A-hr measurements were reproducible to better than 0-002 optical density 
units at the wavelength between 3400 and 3800 A. 


Analyses of spectroscopic data 


VAN DE STOLPE et al. [4, 5] have shown that the absorption spectrum for the 
K 


1 : | system, donor -+- acceptor = = complex, when the spectra of two components 
are superimposed is described by the equation: 


i/(e, — &,) = 1/KM fe, €,) + I/(e, (1) 


if the concentration of donor (.7,) is very much greater than the complex con- 
centration. e,, ¢,, and e, are the molar extinction coefficients for the solution, 
uncombined acceptor, and complex, respectively. A is the equilibrium constant. 
e, is measured for the acceptor dissolved in inert solvents such as carbon tetra- 
chloride or perfluoroheptane. A and ¢, are obtained by graphical solution of 
equation (1). 


Results and discussion 


De Marne, DE MAINE and GoBLE [2] have measured the ultraviolet spectrum of 
nitromethane in carbon tetrachloride, and have found an equilibrium constant of 
110 l-moles~! for the reaction: 2MeNO, == (MeNO,),. These authors found that 
solutions with more than 0-14 moles/|. of nitromethane dissolved in carbon tetra- 
chloride obeyed Beer's law at wavelengths greater than 2600 A. At such concentra- 
tions, virtually all the nitromethane is present as dimer. More recent studies [6] have 
shown this equilibrium constant to be larger with methanol as solvent, and thus 
Beer's law is obeyed at even lower nitromethane concentrations. 

In the present work it was found that carbon tetrachloride—di-isopropy! carbinol 
solutions absorb light only weakly above 3500 A. Accurate measurements were 
made of nitromethane absorption spectra at several concentrations greater than 
0-20 moles/l. in solutions of pure carbon tetrachloride and carbon tetrachloride— 
di-isopropy! carbinol of varying relative concentration up to 0-70 mole fraction 
units of carbinol. In Table 1 are given a set of optical density readings for a 
0-923 M nitromethane solution in carbon tetrachloride—di-isopropy! carbinol 
mixtures of varying concentrations. Variation in optical density with solvent 
composition was observed for each nitromethane concentration studied. 

Graphical solution of equation (1) with data obtained at several wavelengths 


between 3750 and 3400 A (Table 1) vielded a value of 0-7 + 0-2 mole fraction units 
(Fig. 1) at 20-5°C for AK, the equilibrium constant for the process: di-isopropy! 
varbinol + nitromethane =—— complex. Complex concentrations calculated with 


this K value are less than 5 per cent of the carbinol concentration (Table 2). 


[3] P. A. D. pe Marne, J. Chem. Phys. 26, 1192 (1957). 
| J. A. A. Kerecaar, C. VAN pe Sroitee, A. Goupsmitr and W. Dzcusas, Rec. trav. chim. 71, 1104 
(1952). 
[5] C. VAN DE Srotre, Ph.D. Thesis, University of Amsterdam (1954). 
{6| P. A. D. pe Marne, M. M. pe Marng, A. A. Brices and G. E. McAtonte, J. Inorg. Nucl. Chem. In press. 
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As the VAN DE STo.re method used here requires that the complex concentration 
be much smaller than the carbinol concentration, the value deduced for K will be 
too high by just a small percentage. Data from these studies were also plotted 
according to the equation proposed by Scorr [7] and an identical K value was 
obtained. 

(e, — e,) Is always negative and thus the molar extinction curve for nitro- 
methane decreases with addition of carbinol. This decrease must be due to an 


Sr 
7 


6 


20 


Fig. 1. Graphical determination of the equilibrium constant (K) for the reaction: di-tsopropyl carbinol + 

nitromethane = complex. M, is the mole fraction of carbinol; ¢, is the molar extinction coefficient for 

nitromethane in pure carbon tetrachloride (the concentration of nitromethane is expressed as monomer); 

and ¢, equals Do» /C, where Dops is the measured optical density and C, is the total nitromethane 
concentration (as monomer). 


Table 1. Details of the analyses for the equilibrium constant (K) 


(€q ey) 


36004 3550A 3500A 34504 36004 3550A 3500A 3450A 


0-923 0-00 0-763 1-080 . 0-566 0-824 1-166 1-534 
0-923 0-14 0-504 0-736 -330 0-022 0-029 0-098 
0-923 0-18 0-500 1-015 0-026 —~ 0-070 

0-923 0-22 0-496 0-725 1-008 ‘337 0-030 0-041 0-077 0-090 
0-923 0-39 0-475 0-702 0-975 0-05: 0-066 0-113 

0-923 0-48 0-475 0-694 0-960 ‘27! 0-053 0-074 0-129 0-157 
0-923 0-58 0-458 0-662 0-925 “oe 0-071 0-109 0-167 0-215 
0-923 0-70 0-450 0-658 0-920 § 0-080 0-113 0-172 0-227 


D, is the measured optical density of the solutions at 20-5°C with the carbinol contribution subtracted. C, 
is the concentration of nitromethane as monomer, before the reaction occurs. M, is the mole fraction of 
carbinol in the solution; ¢, and e, are the molar extinction coefficients for nitromethane (as monomer) in 
carbon tetrachloride and in the solution, respectively. 


7) R. L. Scort, Rec. trav. chim. 75, 265 (1955). 
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apparent blue shift of the MeNO, or (MeNO,), ultraviolet band with center near 
2800 A. 

The consistency of our analysis suggests that this blue-shift results from 
complex formation [8] rather than from solvent perturbation of the upper and 
lower states for the nitromethane species as has been suggested for some weakly 
allowed bands [9]. Since the shape and position of this weak band of nitromethane 
is not measurably changed for five solvents [2, 6] with dielectric constants varying 
from 2-2 to 33-0, arguments already advanced [8] against acceptance of the “blue- 
shift’’ theory for sulfur dioxide remain essentially unchanged for nitromethane 
systems. 


Table 2. Concentrations of the complex for the samples shown in Table 1 


Complex concen- Cy 
tration (moles/I.) (moles/1.) 


0-923 0-00 0-000 0-063 
0-92: 0-14 0-083 0-063 
0-923 0-18 0-103 0-063 
0-923 0-22 0-123 0-063 
0-923 0-30 0-160 0-063 
0-923 0-39 0-198 0-063 
5 0-923 0-48 0-232 0-063 
0-923 0-58 0-267 0-063 


0-923 0-70 0-304 0-06: 


Note: Cy is the concentration of monomer in these solutions if no complexing 
occurs. 


The monomer nitromethane concentrations in Table 2 were calculated from 
the total nitromethane concentration and K! = 105 1./mole [2] for the equilibrium: 
2 MeNO, =— (MeNO,),. The concentrations of complex given in Table 2 are 
greater than the monomer nitromethane concentrations. Thus it appears that the 
reversible reaction between nitromethane and di-isopropy! carbinol is a pseudo | : | 
reaction. Pairs of nitromethane molecules must react with single molecules of the 
di-isopropy! carbinol. 


Acknowledgements—One of us (A. G.G.) wishes to acknowledge a grant from the United 
Kingdom Atomic Energy Research Establishment. Thanks are also due to the Medical Research 
Council, Cavendish Laboratory, Cambridge, England for the use of a calculating machine. 


[8] P. A. D. pe Marne, J. Chem. Phys. 26, 1036 (1957). 
[9] H. J. McConne ct, J. Chem. Phys. 20, 700 (1952). 
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reaction between diethyl ether and iodine in the pure solvent 
or in inert solvents 


P. A. D. pe MAINE 
Chemistry Department, New York State College for Teachers, State University of 
New York, 135 Western Avenue, Albany 3, N.Y. 


(Received 5 May 1959) 


Abstract——Spectrophotometric measurements of the rate of decoloration of brown diethyl 
ether—iodine solutions are reported. The addition of sodium iodide increases the rate of 
decoloration fivefold. 


Introduction 

and Userrtini [1] found that large vields of C,H ,OCHCICH, (plus HCl) are 
obtained on passing dry chlorine gas into anhydrous diethy! ether at temperatures 
between —25°C and —30°C. Kratyi and Scuusert [2] reported that bromine 
reacts with diethyl ether plus chloroform, or carbon tetrachloride, to form 
Br,CHCH(OC,H,),. A yield of 55 per cent was reported for the chloroform 
solutions, but the temperature was not stated. During charge-transfer studies, 
reaction between pyridine and iodine has been observed [3]. 

In the present work it is observed that the intensity of the ultraviolet (center 
near 2490 A) and visible (center near 4680 A) absorption bands found for iodine 
dissolved in pure diethyl ether (Fig. 1) or in diethyl ether—carbon tetrachloride 
gradually decreases over a period of several days. This trend is not altered when 
all precautions are taken to exclude water. 


Experimental 
(a) Purification of the materials 
lodine, diethy! ether and carbon tetrachloride were purified by methods already 
published [4]. Reagent grade sodium iodide was heated for several hours at 
140°C, then stored in a dessicator. Beer's law is obeyed by sodium iodide in 
diethyl ether. Nitrogen, containing less than 0-1 per cent oxygen and with a dew 
point below —20°C, was supplied by the Linde Air Company, Chicago, Illinois. 


(b) Experimental procedure 


The preparation method of the sample and blank solutions not containing 
sodium iodide, has been described in another work [4]. The saturated sodium 
iodide—diethy! ether solution was made by adding a single small crystal of sodium 
iodide to 250 ml of anhydrous diethyl ether. This saturated sodium iodide solution 
was used to make the required sample and blank solutions in the prescribed manner 


G. E. Haut and F. M. Userrtit, J. Org. Chem. 15, 715 (1950). 
K. and K. Monatsh. Chem. 81, 988 (1950). 
D. L. Guusker, H. W. THompson and R. 8. MuturKen, J. Chem. Phys. 21, 1407 (1953). 
P. A. D. pe Marne, J. Chem. Phys. 26, 11902 (1957). 
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[4]. Sodium iodide concentrations in the measured samples were ‘‘saturation”’ and 
twentyfold dilution. 

The spectra of the sodium iodide—diethy] ether—iodine solutions were measured 
with a Beckman Model DU Spectrophotometer, with pure diethyl ether in the 
blank cell. The spectra of the corresponding diethyl ether—-sodium iodide solutions 
were also measured against pure diethyl ether and were then subtracted from the 


7200¢ 


a 
a 


| 


3400 


0 


Wovelength , 


Fig. 1. Apparent extinction coefficients at 25°C vs. wavelength for iodine dissolved in 

diethyl ether or in diethyl ether plus sodium iodide. Contributions by ether and iodide 

have been subtracted from these plots. . . > and 

designate measurements for iodine—diethyl ether immediately after addition of iodine, 

after 1 day and after 2-5 days, respectively and designate 

iodine in diethyl ether plus sodium iodide immediately after addition of the iodine and after 
l day, respectively. 


measured spectra of the sodium iodide—iodine—diethy] ether solutions. The spectra 
of all other solutions were measured, against the corresponding blank solutions, in 
the normal way [4]. 

The spectrophotometer, fitted with temperature control accessories and a 
photomultiplier, had been calibrated earlier. Throughout the present work all the 
precautions to exclude water from the solutions [4] were taken. All measurements 
were made at 25°C. 


Results and discussion 
(a) lodine—diethyl ether solutions 
The ultraviolet and visible absorption bands for iodine dissolved in pure 


diethyl ether (Fig. 1) gradually decrease in intensity over a period of several days. 
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No new absorption bands could be located in the region between 2200 and 6000 A. 
As the solution temperature is lowered, the pale brown color of these solutions 
fades faster. 

It appears that iodine and ether combine to form some sort of complex which 
reacts further to yield products which do not absorb light in the spectral region 
examined. The formation of a complex may involve several steps. Only the 
rate-controlling step need be exothermic. Previous work by pE Marve [4] has 


4800 4300 


Fig. 2. Optical density ratios as a function of wavelength in Angstrom units for solutions 

of iodine dissolved in diethyl ether. The following ratios for each curve give the time in 

days of the first and final measurement: curve I, 0/3; curve II, 0/2; curve III, 2/3; 
eurve IV, 0/5. 


‘ 


shown that at 25°C more than 90 per cent of the iodine is “complexed” according 
to the reaction: I, + (C,H,;),0 = (C,H,),O-1,. At 25°C the equilibrium constant 
is 8-7 mole fraction units and the heat of formation is —4-4 +- 0-1 kcal/mole. Thus 
the decoloration process may depend directly on the concentration of this “‘outer 
complex”’, (C,H,),O-1, [5]. 

The rate of decrease in the intensity of the absorption spectrum for a particular 
diethy! ether—iodine solution varies with the wavelength (Fig. 2). For any system 
not in equilibrium the ratio 

D, optical density measured at time ‘‘t,”’ 

D, optical density measured at time “‘t”’ 
(i) must be constant, independent of wavelength if there are no new absorbing 
species; or (ii) must have a maximum or minimum if one of those species initially 
present disappears faster than any of the others, or a new absorbing species is 
formed in the time, ¢ — ¢,. In case (ii) the maximum or minimum will correspond 
to the absorption maximum of the fast disappearing species or of the new species, 
respectively. Fig. 2 shows that the ratio D,/D, has a definite maximum near 


(5) R. S. Muturen, J. Phys. Chem. 56, 801 (1952). 
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3900 A. Since the position of the maximum (Fig. 2) does not change with time, one 
iodine species is disappearing at a faster rate than other species. 

The ‘charge-transfer’ or outer complex has an absorption maximum near 
2500 A and a second at 4600 A [4]. The intermediate which absorbs near 3900 A 
must be either a different form of the charge-transfer complex, (C,H,;),O-1,, or 
another complex formed by the reaction of (C,H,),O-1, with unbound diethyl ether 
molecules. 

MULLIKEN [5] has suggested that formation of the outer complex may be 
followed by formation of the energetically more stable inner complex. He supposes 
that this inner complex is an ionic form of the outer complex. If inner complex 
formation in the manner suggested by MULLIKEN, did occur in the diethyl ether- 
iodine systems, we would expect the following: 

(C,H;),0 + 1, = (C,H,;),0-1, = inner complex. 


The inner complex could undergo further reaction to give colorless products. 


(b) Lodine—diethyl ether—sodium iodide solutions 


Addition of sodium iodide to iodine—diethy] ether solutions enhances the rate of 
decoloration by a factor of nearly 5 (Fig. 1). Examination of the spectrum for 
diethyl ether—iodine-sodium iodide (measured against diethyl ether—sodium 
iodide blank solutions) solutions does not indicate the presence of any new absorp- 
tion band between 2500 and 6000 A. This probably means that no tri-iodide is 


4} 


5000 4400. 3800 


Wovelength , 


Fig. 3. Optical density ratios as a function of wavelength in Angstrom units for solutions 
of iodine and diethy! ether in carbon tetrachloride. Plot @— @— @— @ denotes ratio for 


measurements at 0/1-5 days; plot has a ratio 0/4-5 days. 
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formed [6].* The rate of disappearance of the species which absorbs near 3900 A is 


increased appreciably by the addition of Nal. 


(c) Llodine—diethyl ether—carbon tetrachloride solutions 


Attempts to study the relation between the rate of decoloration and the 
dielectric strength of the solution were not successful. Solutions containing carbon 
tetrachloride were decolorized, but there formed a product which absorbed 
radiation near 3200 A (Fig. 3). No such compound was observed in solutions of 
ether—iodine or ether—iodine—sodium iodide. 


* Awrrey and Connick [6] reported that the tri-iodide ion absorbs strongly near 2900 and 3450 A 
(extinction coefficients are greater than 26,000). Covalent tri-iodide is expected to have a spectrum similar 
to ionic tri-iodide 
[6) A. D. Awrrey and R. E. Connick, J. Am. Chem. Soc. 76, 1842 (1952). 
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Infrared spectra of crystalline adipic acid and deuterated analogs 


H. 


Eastern Regional Research Laboratory,* Philadelphia 18, Pennsylvania 
(Received 10 August 1959) 


Abstract—The infrared spectra of crystalline HOOC(CH,) COOH, DOOC(CH,),COOD, HOOC 
(CD,),COOH and DOOC(CD,),COOD have been obtained in the 400 to 4000 cm™ region. 
Deuteration shifts and polarization measurements are used to assign nineteen absorption bands 
of adipic acid to infrared active fundamental modes. The results of polarization measurements are 
related to the known structure of adipic acid. The band assignments are discussed in relation to 
the spectra of higher homologs. The bands observed in these compounds between 1180 and 1400 
em! probably arise from mixed B, fundamentals involving carboxy! deformation, CH, wagging 
and CC stretching. 


THE infrared spectra of crystalline high molecular weight carboxylic acids can be 
partially interpreted by applying symmetry considerations to certain parts of the 
molecules, such as dimerized carboxyl groups [1] and hydrocarbon side chains [2]. 
Some features of the spectra do not lend themselves easily to such treatment [2, 3]. 
The present study was undertaken to obtain a somewhat more detailed interpreta- 
tion of the spectrum of a carboxylic acid of intermediate size, with the hope that 
some of the result can be carried over to related compounds of higher molecular 
weight. Adipic acid is suitable because its known molecular and crystal structure 
is closely related to a large number of heavier acids; partially and fully deuterated 
derivatives can be obtained; the molecule is small enough and possesses sufficient 
symmetry to permit a search for all expected infrared active fundamentals in the 
400-4000 cm~ region. Previous band assignments appear to have been fragmen- 
tary[1,4-7]and in some cases contradictory. The fundamentals associated primarily 
with carboxyl dimers seem to be well established [1]. Polarization measurements 
have been limited to narrow regions [6] or seem to have been carried out without 
specifying the crystal orientation [4, 5]. 


Structural considerations 
Crystalline adipic acid belongs to the space group C3,, with two molecules of C, 
point symmetry in a unit cell. A detailed picture of the crystal structure as given 
by Morrison and ROBERTSON [8] is shown in Fig. 1(A). The four central carbon 
atoms are coplanar, the carboxyl groups lie on a plane which is tilted about 6° to 


* Eastern Utilization Research and Development Division, Agricultural Research Service, United 
States Department of Agriculture. 
fl] D. Hanzi and N. Suerrarp, Proc. Roy. Soc. (London)A 216, 247 (1953). 
. Sust, J. Am. Chem. Soc., 81, 1535 (1959). 
. N. Jones, A. F. McKay and R. G. Stvcrair, J. Am. Chem. Soc. 74, 2575 (1952). 
. Mann and H. W. Tompson, Proc. Roy. Soc. (London) A 192, 489 (1948). 
. Kuratant, J. Chem. Soc. Japan. Pure. Chem. Sect. 72, 10 (1951). 
). J. AMBrose, A. Ettiot and R. B. Tempe, Proc. Roy. Soc. (London) A 206, 192 (1951). 
P. J. Cortsu and J. Davison, J. Chem. Soc. 2431 (1955). 
. D. Morrison and J. M. Roserrson, J. Chem. Soc. 933 (1949). 
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the plane of the carbon chain. For the purpose of identification and classification 
of infrared absorption bands it is convenient to regard the chains of hydrogen- 
bonded monomer units in first approximation as one-dimensional crystals [9, 10] 
with one adipic acid molecule as the repeating unit and the factor group of the one- 
dimensional space group isomorphous with C,. Although the chains are slightly 
twisted [8], the segments consisting of (CH,), units and of hydrogen-bonded (COOH), 
units are planar and it is still useful to classify the infrared active chain modes as 


4. 
100 1000 900 800 700 cm" 


Fig. 1. 
A. Structure of adipic acid [8]. (O H--O not shown). 
B. 1400-1500 em~' region. electric vector parallel to b. — electric vector per- 
pendicular to } (within ab plane). 
C. 600-1100 em~ region electric vector parallel to c. -—-— electric vector 
perpendicular to ¢ (within ae plane). 


“in plane” (ip) and “out of plane” (op). If the slight periodic twist is neglected, 
(ip) and (op) correspond to B, and A,, respectively, permitting a comparison with 


a large number of related molecules and groupings with C,, symmetry. 

With one molecule of p atoms in the repeat unit, the number of observable 
fundamentals in the single chain approximation is 3p — 4 [10], i.e. in the case of 
adipic acid fifty-six fundamentals of species 204A, + 27A,. The twenty-seven 


9) M. C. Toprs, J. Chem. Phys. 23, 891 (1955). 
10} C. Y. Liane, 8S. Karo and G. B. B. M. Surwertanp, J. Chem. Phys. 25, 543 (1956). 
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infrared active A, modes can be further subdivided into sixteen (ip) and eleven (op) 
modes on the base of the pseudo C,, symmetry. The approximate nature of the 
infrared active vibrations can be described by analogy with previous work on 
hydrocarbons [11, 12] and on carboxylic acids [1]. The (op) CC modes, the lowest 
(ip) CC mode and the modes involving primarily hydrogen bonds should occur 
below the investigated region [13, 14], leaving fourteen (ip) and seven (op) funda- 
mentals to be accounted for. The presence of two molecules with C, site symmetry 
in the C3, unit cell causes each single chain mode to split into an A, and B, 
branch, polarized along the b-axis and in a plane perpendicular to this axis, 
respectively [15]. The structure of the unit cell [8] suggests that (op) modes 
should have sizable A, branches and B, branches which are polarized roughly 
perpendicularly to the main axis of the chains (and to the c-axis of the crystal). 
Bands which have B, branches approximately perpendicular to the c-axis are 
hereafter called “perpendicularly polarized’. The polarization of (ip) modes 
depends upon the particular vibration involved. If the B, branch is approximately 
parallel to c, the A, branch should be very weak. 


Experimental 


Origin of samples and instrumentation 

A purified and recrystallized commercial sample of adipic acid (Eastman 
Organic Chemicals)* was used. The sample of DOOC(CH,),COOD (d, compound) 
was prepared by hydrolyzing a deuterium oxide solution of disodium adipate with 
DCI, filtering and washing. Presence of a relatively small amount of residual OH 
groups was indicated by absorption in the 3000 em~! region. This might result in 
destruction of the (,; symmetry, rendering the spectra of this compound 
less significant than the spectra of the other acids. The fully deuterated acid (d,, 
compound) was obtained from Merck & Co., Ltd. (Montreal, Canada). No CH or 
OH stretching bands were noticeable, indicating high isotopic purity. HOOC- 
(CD,),COOH (d, compound) was prepared by evaporating a 1°, aqueous solution 
of the d,, compound to dryness. Neither characteristic CH nor OD bands were 
observed. All operations on carboxyl-deuterated samples were carried out under 
dry nitrogen. 

The preparation of oriented samples has been described [2]. A Perkin-Elmer 
Model 21 instrument equipped with a NaCl prism and a Ag(! polarizer was used in 
the 600-4000 em~! region. A Beckman IR-3 instrument equipped with KBr 
prisms and with LiF prisms was employed for the 400—600 and 2000-4000 regions, 
respectively. Because of experimental difficulties, no oriented samples were studied 
with the latter instrument. Polarization data are therefore available only for the 
region covered with NaCl prisms. 


* Mention of specific products does not imply endorsement by the Department to the possible 
detriment of others not mentioned. 
fll] J. K. Brown, N. Sueprarp and D. M. Simpson, Discussions Faraday Soc. 9, 261 (1950). 
[12] J. K. Brown, N. SHerrarp and D. M. Simpson, Trans. Roy. Soc. A 247, 35 (1954). 
13] K. S. Prrzer, J. Chem. Phys. 8, 713 (1940). 
14) T. Tryvazawa and K. 8. Prrzer, J. Am. Chem. Soc. 81, 74 (1959). 
15| H. Wouvston and R. 8. Hatrorp, J. Chem. Phys. 17, 607 (1949). 
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Sample orientation and polarization measurements 


The experimental problem of obtaining meaningful polarization data on 
molecular crystals with low symmetry has been discussed by Newman and HaLrorp 
[16] and by Newman and BapcGer [17]. For monoclinic crystals one eigenvector of 
the complex dielectric tensor (polarization axis) is symmetry fixed along the b axis, 
the others are unrestricted. Two crystal habits were observed for adipic acid 
samples prepared by the previously described method [2]: habit I with the ab 
planes, habit LI with the ac planes parallel to the plane of the sample. The orienta- 
tion and uniformity of each prepared sample was determined by investigation with 
a polarizing microscope and by establishing the crystalline plane of symmetry with 
the help of tilted samples [2]. A large number of experiments were necessary before 
samples with sufficiently uniform orientation were obtained. The final sample of 
habit I was used to measure spectra with the electric vector, ¢, parallel to the ab 
plane, first parallel and then perpendicular to the symmetry fixed axis. Habit LI 
was used to obtain spectra with ¢ perpendicular to the symmetry fixed axis, and 
parallel or perpendicular to c. To obtain an internal check, spectra with e 1 and | 
to ¢ were also obtained on a tilted sample of habit I. The data were in good 
qualitative agreement with the spectra obtained with perpendicular incidence. 

The quality of the observed results is illustrated in Fig. 1. Fig. 1(B) shows the 
1400-1500 em- region of adipic acid with e || and 4 to 6 (within the ab plane), 
Fig. 1(C) the 600-1100 em~ region with e || and toc (within the ac plane). Fig. (1C) 
shows that two out-of-plane modes which can be assigned with confidence (OH 
bending around 930 em~! and CH, rocking around 730 em~') have no (or very weak) 
components along the ¢ axis. A slight Christiansen effect [18] was observed on the 
band around 1200 cm~'. Both the shape and apparent center of this band changed 
slightly (~5 em~') when ¢ was rotated within the ac plane. For other bands the 
effect was very small. 

Insufficient material was available to prepare well oriented deuterated samples. 
They tended to crystallize in habit 11, with ac planes parallel to the sample plane. 
The frequencies listedin Table 2 were obtained on random samples observed with un- 
polarized radiation. The designations | and | refer to measurements on the afore- 
mentioned partially-oriented samples. 


Assignments 


Table | gives the observed bands for adipic acid, their approximate intensity, 
polarization and assignment. Table 2 lists the assigned single chain fundamentals 
of the deuterated materials. A schematic correlation of the fundamentals of the 
light and deuterated materials below 1500 em~ is shown in Fig. 2. Survey spectra 


are shown in Fig. 3. 

The six fundamentals associated with carboxyl groups are assigned in a 
straightforward way by comparison with the work of Hapz1 and SuHeprarp [1]. 
The spectra of the d, and d,, compounds fully confirm the assignments of these 
16} R. Newman and R. 8. Hatrorp, J. Chem. Phys. 18, 1276 (1950). 


17} R. Newman and R. M. Banoer, J. Chem. Phys. 19, 1147 (1951). 
18} W. C. Price and K. 8. Tetiow, J. Chem. Phys. 16, 1157 (1948). 
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authors. The only difficulty occurs in the 1300 em— region of adipic acid, where 
probably three fundamentals lie very close to one another. The strongest A, and 
B, branches are assigned to the mixed OH bending, CO stretching fundamental. 


Table 1. Infrared spectrum of adipic acid, 400-4000 em™ 


Polarization Assignment 


3000* b,ac )** OH st 
2963 m bac | B,, A, (op) CH, s 
2953 m bac 1 B,, A, (op) CH, s 
2925 b,ac 

2879 b,ac (4) (ip) CH, s 
2650* m b,ac ( ) 

1710* vs b 


A 
(ip) C=O 8 
1695 vs ac 


1463 m ac 
1460 m b 


(ip) CH, b 


(ip) CO s (OH b) 
1408 m b,ac (4) B,, A, (ip) CH, b 
1357 w b,ac (}) B,, A, (ip) CH, w 
1315 w bac 5 B,, A, (op) CH, t 
1300 m ac (|) B,, (ip) CH, w 

1287 s ac B, (ip) OH b (CO s) 
1287 m b A,, (ip) CH, w 
1272 8 b A, 6 (CO 8) 
1254 w bac 

1200 m ac _ 
1194* b A,| 
1150 vw b,ac (1) 

1044 vw bac | 

965 sh bac 1 B,, A, (op) CH, r 
929 

902 m b,ac (|) B,, A, (ip) CC 

890 w bac 

787 vw bac 4 

736 m ac B, 

732 m A top) Cat, 

687 m ac ( ) (ip) COO b 

531 vw 

516 m (ip) CC 


* Approximate center of broad or very strong band. 
+ b, along monoclinic axis; ac, in the ac plane; |, 1, ac branch is approximately parallel or perpen- 
dicular to the ¢ axis; (|), (y) the given component is somewhat stronger than the other. 

+ B,, A, refers to crystal symmetry; (ip), (op) to molecular pseudo-sy mmetry. 8, b, w, t, r, stretching, 


bending, wagging, twisting, rocking. 


There are no corresponding difficulties in the deuterated samples. All bands 
assigned to (op) OH or OD bending modes show perpendicular polarization as 
predicted. 
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Three medium strength bands in the 1200 em~', 800-900 cm~ and 500 em 
regions, respectively, which are not appreciably affected by deuteration, are 
assigned to (ip) CC vibrations. The 1200 cm~' region band has previously been 
assigned to the ({p) OH bending mode [5], but it has been pointed out that its per- 
sistence in the d, compound rules this assignment out [1]. The presence of a 
medium strength band around 1200 cm in the d, and d,, compounds renders 


Table 2. Infrared active fundamentals of deuterated adipic acids 400-4000 em 


Deuteration 
Description 
OD (CD), Complete 


(ip) OH (OD) s 2260* 3000* 2270* 1-32 
CH, (CD,)s ? ? ? 
CH, (CD,)s 2879 2117 21164 1-36 
( Os 1695* 1700* 1690* 1-00 
CH, (CD,) b 1463 LOS6 1086 (| ) 1-35 
CO s* 1352 1410 1360 1-05 
CH, (CD,) b 1409 1057 1045 ( ) 1-35 
CH, (CD,) w 1375 | ? ? 
‘H, (CD,) w 1290 | 958 958 
OH (OD) bt 1057 1308 1069 
cc 1200 1180( ) 1185 ( ) 
CU S68 ( 840 ( ) 813 


20 
Ol 


O7 
33 
-39 


CC 505 494 481 
(op) CH, (CD,)s 2961 4 2236 4 2238 4 
CH, (CD,)s 2051 4 2217 4 2220 1 
CH, (CD,) t 1305 947 1 946 1 
CH, (CD,) t ? ? ? 
OH (OD) b 690 1 9214 680 1 1-37 
CH, (CD,)r 910] TIS 718 1-34 
CH, (CD,)r T7404 560 5: 1-32 


l 
COO b 668 ( 664 ( ) 655 ( ) 1-05 
l 


Bands listed in order of occurrence in nondeuterated acid. Meaning of 1, ||, 
s, b, w, t, r, same as in Table 1. 


* Approximate center of broad or very strong band. 
+ Very approximate description. In OH compounds these modes are strongly mixed. 


association with either OH or CH, groups unlikely. The frequency is somewhat 
higher than observed for infrared active CC modes in hydrocarbons [12]. However, 
ketones show a band in this region which has been assigned to a skeletal mode 
involving the CC bond next to the carbonyl group [19]. In adipic acid the band is 
probably due to a skeletal mode involving primarily the CC bond next to the 
carboxyl! group. 

The modes deduced from internal vibrations of CH, and CD, groups occur in 
the expected regions, although only three clearly distinguishable medium-strength 


f19) S. A. Francis, J. Chem. Phys. 19, 942 (1951). 
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bands were observed in the stretching regions. The two higher bands, which show 
perpendicular polarization in all compounds, are assigned to the asymmetric CH, 
(CD,) stretching modes by analogy with hydrocarbons, the third medium strength 
band to a symmetric stretching mode. The second (ip) stretching mode appears 
either too weak or insufficiently resolved to be assigned with confidence. The CH, 
bending modes are very close to previously studied compounds with related 
structure [19]. 

The CH, and CD, modes of rotatory origin are still to be assigned. These modes, 
particularly the ones associated with wagging and twisting, are not easily identified 


/ 


/ 


j 
j 
/ 


a002 [?a9]3000 
0003 9000 


Fig. 2. Schematic presentation of the infrared spectra of light and deuterated adipic 

acids, 400-1500 em~!. op—out of plane vibrations. j—essentially perpendicular to the 

¢ axis. —— modes associated with CH,(or CD,) groups. modes associated 
with carbon skelton. modes associated with carboxyl groups. 


in crystalline hydrocarbons {11, 12} and frequently show apparent frequency and 
intensity irregularities in alky! halides and polymethylene halides [20-24], indicat- 
ing a relatively strong sensitivity to intramolecular environment. The assignment of 
the CH, and CD, (op) rocking modes in the studied acids appears relatively reliable, 
although the higher frequency band in the nondeuterated compound is masked by 


. K, Brown and N. Suerrarp, Trans. Faraday Soc. 48, 128 (1952). 
J. K. Brown and N. Suerrarp, Trans. Faraday Soc. 50, 536 (1954) 
. K. Brown and N. Suerrarp, Trans. Faraday Soc. 50, 1165 (1954). 
. K. Brown and N. Suepparp, Proc. Roy. Soc. (London) A 281, 556 (1955). 
. T. Nev and W. D. Gworyy, J. Chem. Phys. 18, 1642 (1950). 
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the strong (Op) OH bending mode All bands assigned to rocking modes which 
occur in the NaCl region showed perpendicular polarization, as expected (the 
polarization of the low frequeney bands of the d, and d,, samples could not be 
measured with available instrumentation In the CH, (op) twisting and (ip) 


wagging region | 12} adipic acid has three unassigned weak to medium bands. The 


band at 1315 em is perpendicularly polarized and is on that basis assigned to a 


twisting mode. The other two which show 1 polarization are assigned to the 


two wagging modes. The d, and d,, compounds have only two bands of appreciable 


intensity in the region where CD), wagging and twisting modes should occur. The 


higher band with L polarization is assigned to a Wapiti mode the lower. 
perpendicular band, to a twisting mode. Although some very weak bands occur 
which could be taken as the missing fundamentals, such assignment would be 
somewhat arbitrary 

Some weak renianiung bands must arise from combinations. Their assignment 
is presently not possible because low-frequency modes and Raman-active modes 


have not been studied 


Discussion of the results 
Nineteen out of the twenty-one expected infrared-active fundamental modes of 
adipic acid could be assigned to observed bands on the basisof deuteration shifts and 
the assumption that (op) modes are perpendicularly polarized in the sense defined in 
earlier sections. The assignments appear reasonably reliable, with the possible 
exception of some ( H, and CD, modes of rotatory origin. The (ip) OH bending and 
{ O stretching modes are strongly coupled | while the shifts in ¢ H, modes upon 


deuteration are close to 2-"*. One skeletal mode appears at somewhat higher 
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frequencies than in hydrocarbons. ‘The polarization of (op) modes indicates that 
the approximation wlopted for these modes is valid. Th polarization of (ip) modes 
within the ae plane did not always show an obvious dependence on the direction 
of the chemical bond primarily involved. Thus, in the nondeuterated acid. the 
lower CH, bending mode is 4. the higher one ill-defined. In the d, and d, compounds 


both are ill-defined, whereas in the d,, compound they appear more parallel than 


perpendicular The effect seems to be larvetr than could be ex lained by optical 


phenomena alone. It appears that any conclusions drawn from the polarization of 


modes which are not fixed by molecular symmetry (or, as in this case, pseudo 
symmetry) must be taken with caution, even if the mode can be called “separable 
by frequency considerations. 

Our instrumentation and techniques were not accurate enough to determine 
with precision splittings due to intermolecular forces. The results obtained on the 
nondeuterated acid showed the presence of such splittings for many observed 
fundamentals. The polarization of the two branches of the ( H, rocking mode 
around 730 cm~! and the bending mode around 1460 cm is the same as in mono 
clinie n-CygH,, [25], but the amount of splitting is smaller, indicating weaker 
forces between CH, groups of different chains, as ¢ xpected from the structure [8] 

The region roughly between 1180 and 1360 «em! deserves attention because of 
its relationship to the spectra of higher homologs of adipic acid, which have been 
studied by Cortsu and Davison {7}. The data obtained in the course of this work 
indicate that two (ip) ¢ H, wagging modes, one (ip) carboxyl mode and one (ip) 
skeletal mode absorb in this relatively narrow region. For the higher even numbered 
homologs, which probably are very nearly planar [26], (resulting in molecula 
symmetry C,,) one wagging mode is added for every two CH, units. The increasing 
number of bands with considerable intensity which occur between 1180 and 1360 
cm~ can thus be regarded as arising from somewhat mixed molecular Bb, funda 
mentals involving carboxyl deformation, CH, wagging and CC stretching. Similar 
considerations might apply to straight chain monocarboxylic acids (2, 3, 27] with 
the distinction that the presence of a skeletal mode in this region has n been 
established. 

S. ©. Y. Li 
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Absorption studies, frequency 625-4000 cm™!, of glycine and triglycine sulfate and 


Abstract 


their deuterated analogs together with corresponding reflection and dichroic absorption data for 


variously oriented crystal sections of triglycine sulfate are reported. These not only confirm 


what is presently known about the crystal structure of triglycine sulfate, but also give other 
valuable information. A comparison of the spectra of triglycine sulfate and triglycine selenate 


reveals differences in force constants and bonding of the sulfate and selenate ions. 
Exposure to X-rays and heating above the Curie point (47°C) produce certain changes in the 
electrical properties of triglycine sulfate, but the infrared characteristics are only very slightly 


affected. 


Introduction 
TRIGLYCINE sulfate, a relatively new, interesting and valuable ferroelectric 
material, was discovered at the Bell Telephone Laboratories, Inc., by Marrutas 
et al. {1, 2] in 1957 and it was subsequently found that partial deuteration caused 
a rise of the Curie point from 47°C to 60°C [2]. Its crystallographic data were 
published by Woop and HoLpEN [3] but, to date, no one has disclosed the exact 
atomic positions. This investigation was undertaken because a study of the infrared 
absorption characteristics of triglycine sulfate, partially deuterated triglycine 
sulfate, and certain related compounds might contribute to a fuller comprehension 


of the structure and properties. 


Experimental 


The compounds and their sources were as follows: 


Compound Source 


Glycine Eastman Organic Chemical Co., Rochester, N.Y. 


Partially deuterated glycine Made by exchange with deuterium oxide 
Deuterium oxide Stuart Oxygen Co., San Francisco, Cal. 
Completely deuterated glycine Volk Radiochemical Co., Chicago, Ul. 
Triglycine sulfate (TGS) Bell Telephone Laboratories, Inc. 
Partially deuterated TGS Bell Telephone Laboratories, Lne. 


Triglycine selenate Bell Telephone Laboratories, Inc. 


* This paper was presented in part at the Symposium on Molecular Structure and Spectroscopy in 
Columbus, Ohio, on 19 June 1959. 

1} B. T. Marruias, C. E. Mruier and J. P. Remerka, Phys. Rev. 104, 849 (1956). 

2} Bell Labs. Record 35, 271 (1957). 

{3} E. A. Woop and A. N. Hoipen, Acta Cryst. 10, 145 (1957). 
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Several forms of sample were prepared: 

(1) For the unpolarized absorption spectra in Figs. 1-3, materials were ground 
and mixed with KBr in a Wig-L-Bug vibrator and pellets were pressed according 
to standard procedures. The deuterated compounds with the exception of partially 
deuterated TGS were handled in a dry box flushed with nitrogen in order to 
eliminate the possibility of atmospheric exchange. 

(2) For the dichroic absorption spectra in Figs. 5-6, two thin TGS crystal 
sections were cut, one in the (102) or optic plane and the other in the (010) or 
cleavage plane (Fig. 4a). In each case, one side was polished, the section was 
mounted with polished side down on a rock salt plate, and the exposed face polished. 
A flat flannel pad and Linde Alumina moistened with ethyl! alcohol and water were 
used for polishing. The (102) section was fastened to a rock salt plate with Araldite, 
an epoxy resin, and paraffin wax was used in the case of (010) section. 

(3) For the reflection spectra in Fig. 7, the specimen was a rather large piece 
of TGS crystal with facets cut parallel to the (102), (010) and (100) planes (Fig. 
4b). These facets were then highly polished as above. 

All spectra were run on a Perkin-Elmer Model 21 (Double Beam) Spectro- 
photometer equipped with a sodium chloride prism (625-4000 cm~! frequency 
range). 


Discussion of results 


In order to understand better the spectra of TGS and partially deuterated 
TGS, the spectra of glycine and partially and completely deuterated glycine were 
first studied (Fig. 1). 

Crystalline glycine is monoclinic [4] and is said to be in the zwitterion form, 

+H,N—CH,—C? , with the almost-flat molecules lying in the (010) plane 
O 
and held together by hydrogen bonds between adjacent nitrogen and oxygen 
atoms to form continuous layers throughout the crystal [4]. Our spectrum (Fig. 1) 
and those in the literature [5—9] show absorption bands with assignments as given 
in Table 1. 

When glycine is partially deuterated by exchange with D,O, the deuterium 
replaces the hydrogen atoms attached to the nitrogen atoms. Consequently, 
the NH stretching bands in the 3000 cm~! region disappear, leaving only the 
3020 em~! and 2980 em bands which therefore must not be due to NH stretching, 
and ND stretching bands are seen in the expected position around 2400-2080 em-. 
Likewise, the 1520 em~! band vanishes and, simultaneously, a group of bands 
appears around 1200cm~'. The former is probably due to an NH deformation 
vibration and the latter to the corresponding ND one. Similarly, it is seen that the 
1127, 1107, 905, 887 and 691 cm~! glycine bands may be associated with the 


mis 


G. ALBRECHT and R. B. Corry, J. Am. Chem. Soc. 61, 1087 (1939). 

E. R. Biovur and 8. G. Liysiey, J. Am. Chem. Soc. 74, 1946 (1952). 

I. M. Kiorz and D. M. Gruen, J. Phys. & Colloid Chem. 52, 961 (1948). 

H. Lenormant, J. Chim. Phys. 49, 635 (1952). 

H. Tompson, D. NicHorson and L. Suort, Discussions Faraday Soc. 9, 222 (1950). 

M. Tsusor, T. I. NAKAGAWA, T. and 8. Mizusuima, Spectrochim, Acta 12, 253 


(1958). 
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Table 1. Assignments of observed frequencies of glycine 


Band 


(em™?) Assignment Reference 


3160 NH," [8] 
2630-3125 NH and CH str. [5, 7] 
ca. 3000 CH str. [5] 
2120 Charged NH,* group [8]—Impurity? 
in zwitterion (7?) 
1600 COO~ antisym. str. [6-9] 
1520 NH,* sym. def. [9] 
1445 CH, def. [5, 8, 9] 
1415 COO- sym. str. [5, 6, 8, 9] 
1330 CH, wagging [9] 
1127 NH,* rock [9] 
1107 rock [9] 
skeletal 
\vibeation 
905 NH 
887 NH 
691 NH 


1030 


nitrogen part of the molecule because they disappear on partial deuteration of 
glycine. 

On complete deuteration, when deuterium has replaced all the hydrogen atoms 
in the molecule, the bands due to CH vibrations also disappear and their CD 
analogs are seen. Thus, it is apparent that the 3020 cm and 2980 em~ absorptions 
must be due to CH stretching vibrations and that the corresponding CD vibrations 
are at 2270 and at 2240 respectively. In like manner the 1330 
band disappears only on complete deuteration and so is doubtless due to a CH 
vibration. 

The 1600 em- and 1415 cm~ bands are seen in all three spectra and so must 
be caused by COO~ vibrations. 

The spectrum of glycine is consistent with the supposed structure. In particular: 
(1) The band at 3160 cm-! (NH,*) and those at 1600 em-! (COO~) and at 1415 
em~! (COO-) confirm the zwitterion structure. (2) The position and character 
of the NH stretching bands at about 3000 cm! would indicate fairly strong 
hydrogen bonding, for as bond lengths decrease and bond strengths increase, the 
NH stretching absorptions move to lower frequencies and become broad and 
indistinct [10,11]. Even so, it is possible to distinguish about five bands (2880, 
2810, 2700, 2600 and 2520 cm") in the NH stretching region. Four of these bands 
may possibly correspond to the four hydrogen bonds in the glycine molecule 
where the hydrogen bond distances are 2-76 and 2-88 A between nitrogen and 


[10] R. C. Lorp and R. E. Merrirrecp, J. Chem. Phys. 21, 166 (1953). 
{1l] R. E. Runpie and M. Parasor, J. Chem. Phys. 20, 1487 (1952). 
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oxygen atoms in the same layer and 2-93 and 3-05 A between adjacent layers [ 4]. 
Then, too, there may be interaction between hydrogenic frequencies which could 
cause splitting, or there may be multiplicity arising from Fermi resonance {12}. 

The TGS spectrum (Fig. 2) differs from that of glycine (Fig. 1) especially in the 
following respects: (1) The NH, OH and CH absorptions smeared into a continuum, 
occur at a higher frequency (c. 3200 em~') than the NH and CH absorption bands 
of glycine (c. 2900 em=') which would indicate weaker hydrogen bonding for the 
NH groups [10, 11]. (2) There is no evidence of a COO~ band near 1600 em“, 
but there is absorption around 1700 cm~!, the normal band position for unionized 
C—O, and so TGS is not in the zwitterion form. (3) The strong absorptions in the 
1025-1150 em~! region are evidently due to the sulfate part of the molecule for 
most of them do not appear in the spectrum of triglycine selenate (Fig. 3) which 
has instead strong selenate bands in the 800-900 em~' region, but is otherwise 


very similar to that of TGS. 

Theoretically, substitution of selenium for sulfur in the tetrahedral anion 
would eradicate certain of the 1025-1150 em~' absorptions and produce strong 
ones at approximately 800-900 cm~!. If we substitute selenium for the central 
sulfur atom of the tetrahedron and assume the same force constants, the cal- 
culated values for the fundamental frequencies do not quite agree with the corre- 
sponding ones determined from Raman data [13]. It must be concluded, therefore, 
that the force constants are somewhat different in the two cases. 

When TGS is partially deuterated, deuterium replaces the hydrogen atoms 
attached to the nitrogen and oxygen atoms. In the spectrum of partially deuterated 
TGS (Fig. 2). ND and OD stretching bands are seen, as expected, in the 2300-2400 
em! region: there are three of these of which the one at lowest frequency may be 
due to OD and the others to ND vibrations. The weak shoulder near 1870 em~! 
could, as in the case of water [14], be a combination band; except for a small 
apparent slight shift to lower frequency, it is unaffected by partial deuteration. 
This can be said also of the 1700 em=' unionized C—O absorption which is here a 
doublet indicating at least two types of C—O in the molecule; the weaker 1745 
em! component could be caused by weakly bonded C=O and the stronger 
1710em™! component to more strongly bonded C—O. In the 1450-1650 em~* 
region are four bands which almost completely disappear on partial deuteration 
so they must be associated with the NH part of the molecule and are probably 
deformation vibrations. In the 1400 cm~! region are three bands which are 
relatively unaffected by partial deuteration and therefore arise from CH vibrations. 
At 1300 em~' is a band, also only slightly affected by partial deuteration, whose 
origin is in the COOH part of the molecule. The sulfate bands, as stated earlier, 
occupy the 1025-1150 region and are unaffected by partial deuteration. 
In the 650-1025 em~! portion of the spectrum are unassigned skeletal vibrations 
and just below 650 em! is a band which disappears on partial deuteration and 
which therefore may be associated with the nitrogen part of the molecule. 


12) G. B. B. M. Scrwertanp, Advances in Protein Chemistry Vol. VIL, p. 308. Academic Press, New 
y ork (1952 
13) A. S. Proc. Indian Acad, Sci. A 1, 156 (1934-1935) 
[14) E. K. Pryver and N. Acqutsta, J. Opt. Soc. Am. 44, 505 (1954). 
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Having made key assignments from the isomorphic and isotopic substitution 
experiments, we turn now to the dichroic and reflection spectra of TGS for more 
information. However, for a fuller comprehension of these, it is necessary first 
to review what is presently known about the structure of TGS (Fig. 4). 

TGS erystals are monoclinic below as well as above the Curie temperature with 
space groups P2, and P2,/m, respectively [15]. There are two molecules in the 


D-AXIS 


Fig. 4.(a) Principal optic directions and (102), (010) and (100) planes in TGS unit cell. 
(b) TGS crystal with facets cut parallel to (102), (O10) and (100) planes. 
(c) Approximate orientation of a glycine unit relative to principal optic 
directions and (010) plane of TGS. 


unit cell situated so that one molecular arrangement is obtained from the other 
by a twofold screw operation parallel to the b-axis [3]. According to Okaya, 
Hosurvo and Peprnsky, in a half unit cell of the nonpolar phase, one glycine and 
the inorganic anion lie on the mirror plane while the other two glycines are mirrored 
across the plane and the structure is maintained by hydrogen bonds [15]. 

The principal optical directions X, Y, and Z correspond, respectively, to the 
three refractive indices «, 8 and y wherein, conventionally, « < ~ < y [16]. For 


S. T. Mrrsvt, F. Jona and R. Perinsxy, Phys. Rev. 107, 1255 (1957). 
(16) T.R. P. Gres, Jn., Optical Methods of Chemical Analysis pp. 284-285. McGraw-Hill. New York (1942). 
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The infrared absorption characteristics of ferroelectric triglycine sulfate 


TGS, these refractive indices, as determined by Dron, are « = 1-484, 8 = 1-556 
and y = 1-584[17] and so its birefringence, (y — 26 + «)[18]is —0-044. Therefore, 
since there is strong birefringence and the glycine units in TGS are supposedly 
flat [3], these groups are probably oriented roughly parallel to the (010) plane with 
their longest axes approximately in the Z-direction [19] as in Fig. 4(c). This 
arrangement is consistent not only with the optical properties, but also with the 
good (010) cleavage. 

The dichroic absorption spectra of the (102) and (010) planes of TGS are 
shown in Figs. 5, 6(a) and 6(b). 

In Fig. 5, the dichroic absorption spectra of the (102) or optic plane, we are, 
figuratively speaking, looking along the crystallographic Y-direction and so the 
vibrations seen should be only those whose dipole moment changes are parallel 
to X or to Z or unpolarized. A study of Fig. 5 shows this to be the case. Figs. 
6(a) and 6(+) show the dichroic absorption spectra of the (010) or cleavage plane. 
Here we are looking down on the glycine units, that is, along the crystallographic 
X-direction, and vibrations should be seen whose dipole moment changes are not 
restricted as to direction. This also appears to be true. 

The ensuing interpretation of Figs. 5, 6(a) and 6(b) deals chiefly with the NH 
and C=O vibrations because the CH ones are, for the most part, masked by those 
of the adhesives and also because the orientations of the dipole moment changes for 
other groupings are not known. 

Table 2 shows the main absorption bands, their assignments and their probable 
orientations as shown by the dichroic absorption spectra . 

The NH stretching band at 3150 cm~' exhibits, relatively, greatest strength 
when the £-vector of the incident radiation is parallel to X or to Y indicating 
that the bisectrices of the HNH bond angles are nearly in the (100) plane and at 
some angle to X and Y. The 1620 cm~! absorption, about in the position for that 
of the NH, scissoring vibration, is approximately in the (102) plane and at about 
+ 45° to X and Z. The CH, scissoring vibration at 1440 cm~ is nearly in the (010) 
plane and at some angle to Y and Z, one C=O vibration (1740 cm~*) is in the 
Y-direction and another (1700 cm~') is in the (010) plane and at about +45° 
to Y and Z. This information indicates that the glycine units are indeed aligned 
so that their longest axes are approximately in the Z-direction, but suggests that 
they may be slightly tipped with reference to the (010) plane (Fig. 4c). 

It is interesting to note that the unpolarized absorption spectrum of TGS 
(Fig. 2) shows only two C=O stretching vibrations indicating different degrees of 
bonding whereas three differently oriented ones are seen in the dichroic absorption 
spectra (Figs. 5, 6a, 6b). There are thus at least two types of C—O bond in the 
unit cell and the glycine molecules in the mirror planes must be oriented somewhat 
differently from the other glycines in order to account for the three differently 
oriented C=O vibrations. 

The reflection spectra (Fig. 7) show nothing in particular above 1700 cm~—', but, 
below that, they confirm the dichroic spectra. However, they are most useful for 


[17] I. M. Diox, Acta Cryst. 12, 259 (1959). 
[18] T. R. P. Gres, Jr., Optical Methods of Chemical Analysis p. 287. McGraw-Hill, New York (1942). 
[19] C. W. Bux, Chemical Crystallography p. 283. Clarendon Press, Oxford (1952). 


1079 


lie 


- — — (Allg) -O 


*AQuanbes4 
O06! 009 


AL | 


‘Aouenbes, 


$29 00S 009! O02 O06! 0002 


\ an 
\ \ 
> 
—S 

8 
7 
4 x | 
—"_> 
bs £ SS 
10590 
© cs 
>> 3 

‘ © 

} ~ 

7 dg 
i 7 

w 
| 

g 

a 
2 1080 


‘ouvld (791) — — (991) — — — fouvjd (eBvaveo) 


*AQuandé.J 


77 
§.081 — — 06 —— 
*Aquenbe.4 


| 002! 008 O€ 000 2 00S2 oos¢e 


J 


= 
+ 
Z 


/o 


The infrare 
4] 


uOr 


‘ wo + 
3 
4 
| = | 
18 j 
| 
=~ a” 2 
8 
: 
—~ 5S 
© - |= = 
| 
| 
=| > 
7 ic 
/ \ | 
| 4 
@ 
© | y |. 
\ 4 
= 
= 
? - 
oO 
=— 
> J 
/ 4 © 
\ 
Te) 
WwW 
| 2 
/ 
4 
| 1 Io 
/ 
~) 
f 
t 
| 
= | 
| 
7 
4 
mw) 
2 
1081 


D. M. Dopp 


a study of the sulfate bands which are too intense in most of the absorption spectra. 
Although only five sulfate bands are seen in the unpolarized absorption spectrum 
of TGS (Fig. 2), six appear in the reflection spectra. Their orientations are shown 
in Table 3. 


Table 2. Assignment of observed frequencies and dichroism of triglycine sulfate 


Band 
Assignment Approximate onmentation 


3150 NH stretching In (100) plane; at angle to X- and 
Y -directions 

1870 Combination Z-direction 

1740 C—O stretching Y -direction 

725 C=O stretching X-direction 

1700 C—O stretching In (O10) plane; +48 Y- and 
Z-directions 

1620 NH, scissoring In (102) plane; 4 X- and 
Z-directions 

L570 NH in-plane deformation In (010) plane; at 30° to Y-direction 

1540 NH in-plane deformation Y -direction 

1505 NH in-plane deformation Probably Z-direction 

1440 CH, scissoring In (O10) plane; at angle to Y- and 
Z-directions 

600-1300 NH out-of-plane deformation (?) In (010) plane 
(background) 

1125 Sulfate r, Completely isotropic or very intense 

LOSS Sulfate X -direction 

900 Sulfate v, (1 Nearly X-direection 


Table 3. Observed dichroism of sulfate bands of triglycine sulfate 


Band 


(cm) 


Orientation 


L135 Nearly to Z-direction 

1110 Nearly | to Y-direction; approximately in (100) plane 
L080 Nearly || X-direction; approximately in (100) plane 
L050 Nearly |' to Z-direction 

1020 Nearly | to Z-direction 


975 In all three planes 


These data seem to indicate that the sulfate ion astride the mirror plane in 
the half unit cell is situated also so that the oxygen atoms above and below the 
mirror plane and the sulfur atom are in a plane which is perpendicular to the (010) 


plane and at some angle between Y and Z. 
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There are two fundamentals for the isolated sulfate group in this region, 
vy, at 981 cm~' and », at 1104 cem~! [20]. », Involves no central atom motion and 
is not degenerate [21]. Although normally infrared inactive [22], it might become 
active if the environment were such that the sulfate ion were no longer a perfect 
tetrahedron. It is not apparent in our spectra unless the band at 900 em-! could 
be given this assignment. v, Is triply degenerate [21] and the six sulfate bands may 
be accounted for by the splitting of »,. Because the environment of the sulfate 
ion is not symmetrical, no selection rules are operative and y, splits. Probably 
because of interaction between the two sulfate groups in the unit cell, there are six 
instead of only three components. 

In the case of the selenate bands in the absorption spectrum of triglycine 
selenate (Fig. 3), we can distinguish six components at about 905, 890, 875, 860, 
830 and 820cm~!. These are probably all », bands, three for each selenate ion 
in the unit cell. »,, if present, is effectively masked by the vy, components. 

Since peculiar variations in the hysteresis loops occur when TGS is subjected 
to ionizing radiations [23] it was felt that there might be some accompanying 
effects on the infrared absorption spectra. The (102) and (010) erystal plane 
sections were placed 3 in. from the platinum target of a Machlett type AEG-50A 
X-ray tube operated at 50 PkV and 50 mA and were irradiated for 2 hr. The 
spectra of the samples before and after treatment show only small and uniformly 
distributed intensity variations. These apparently arise from changes involving 
the whole molecule rather than any particular group or groups. 

When heated, TGS loses its ferroelectric properties at the Curie point of 47°C. 
Marrutas and others [1, 15] postulate that, when TGS passes through the Curie 
point and becomes nonpolar, the hydrogens of the mirror plane glycines move into 
the mirror plane. However, these slight orientation changes are found to have 
very little effect upon the infrared absorption characteristics. They produce only 
small, well distributed intensity differences in the dichroic absorption spectra 
of the (102) and (010) planes and in the reflection spectra of the (102), (010) and 
(100) planes. 

Conclusion 

Infrared data are given for glycine and TGS and their deuterated analogs and 
for triglycine selenate. The glycine spectrum and band assignments are in 
agreement with most of those in the literature. The TGS absorption characteristics 
and band assignments, made on the basis of isomorphic and isotopic substitution 
experiments, are reported for the first time. These confirm what is presently 
known about its crystal structure. In addition, the spectra show that TGS, unlike 
crystalline glycine, is not in the zwitterion form, that the hydrogen bonding of the 
NH groups is weaker than in glycine, and that there are three differently oriented 
(C—O groups with two different magnitudes of bond. The spectrum of triglycine 


20) G. Herzperc, Infrared and Raman Spectra of Polyatomic Molecules p. 167. Van Nostrand, New York 
(1045). 
[21] G. Herzperc, Infrared and Raman Spectra of Polyatomic Molecules p. 100. Van Nostrand, New York 
(1945). 


[22] G. Herzpere, Infrared and Raman Spectra of Polyatomic Molecules p. 259. Van Nostrand, New York 


(1945). 
(23) A. G. Cuoynowetu, Phys. Rev. 118, 159 (1959). 
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selenate is like that of triglycine sulfate except that it contains strong selenate 
instead of sulfate bands and the indications are that the selenate and sulfate ions 
differ in force constants and bonding. 

Although exposure to X-rays and heating above the Curie temperature produce 
certain striking changes in the electrical properties of triglycine sulfate, the infrared 


absorption characteristics are only very slightly affected by these treatments. 


Acknowledgements—The writer is indebted to J. P. Luonco and especially to D. L. Woop for 
their kind help and many valuable suggestions throughout the investigation. 
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The infrared spectrum and structure of crystalline ferrocene* 
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The Department of Physics, Kansas State University, Manhattan, Kansas 


(Received 10 August 1959) 


Abstract—The infrared spectrum of a single crystal of ferrocene has been obtained using polarized 
radiation. Some vibrational bands have been observed which were not obtained in vapor and 
solution spectra. The observed spectrum supports the vibrational assignment of Lrpprncorr 
and Netson. The polarization data indicate that the molecular symmetry axis lies nearly in 
the t,t, plane of the unit cell and that the angle between the molecular symmetry axis and the 
t, axis is approximately 7/4. 
Introduction 

SINCE its discovery in 1951 [1, 2] ferrocene (bis-cyclopentadieny] iron-I1) has been 
a compound of considerable interest to both chemists and physicists. The unusual 
structure of ferrocene and the analogous compounds of other transition metals 
has prompted a number of workers to study their chemical and physical properties. 
Thus, despite its rather short history, ferrocene has been quite extensively in- 
vestigated. The “sandwich” structure of the ferrocene molecule, possessing 
symmetry of point group D,, was first proposed by WILKInson ef al. [3]. This 
structure was verified by the X-ray diffraction studies of several groups of workers 
[4,5]. These workers also determined the ferrocene crystal to be monoclinic with 
two molecules per unit cell. Infrared absorption spectra of ferrocene in solution 
and as a solid dispersed in a KBr pellet have been obtained and published by a 
number of workers [6—9]. Lipprxcotr and NELSON [10] made an assignment of the 
fundamental vibrational frequencies on the basis of the infrared and Raman spectra 
of ferrocene and its deuterium derivatives and on the basis of this assignment 
calculated its thermodynamic functions. The electronic structure of ferrocene 
and related metal bis-cyclopentadienyls has also received attention in the literature 


(11, 12). 


* Based on part of a thesis submitted to Kansas State University in partial fulfillment of the require- 
ments of the degree, Doctor of Philosophy. 

+ Now at Phillips Petroleum Company, Bartlesville, Oklahoma. 

t Now at Sandia Corporation, Alberquerque, New Mexico. 


fl] T. J. Keary and P. L. Pavson, Nature 168, 1039 (1951). 

[2] S. A. Mruzer, J. A. Tessporu and J. F. Tremarye, J. Chem. Soc. 632 (1952). 

[3] G. Wrixrnson, M. Rosensium, M. C. Wuirine and R. B. Woopwarp, J. Am. Chem. Soc. 74, 2125 

(1952). 

[4] J. D. Dunirz and L. E. Orcer, Nature 171, 121 (1953). 

[5] P. F. Ercanp and R. Peprysxy, J. Am. Chem. Soc. 74, 4971 (1952). 

[6] L. Kaptan, W. L. Kester and J. J. Karz, J. Am. Chem. Soc. 74, 5531 (1952). 

[7] E. R. Lrerrncorr and R. D. Netson, J. Chem. Phys. 21, 1307 (1953). 

[8] E. R. Lipprncorr and R. D. Netson, J. Am. Chem. Soc. 77, 4990 (1955). 
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[ll] J. D. Duntrz and L. E. Oreer, J. Chem. Phys. 28, 954 (1955). 
{12] H. H. Jarre, J. Chem. Phys. 21, 156 (1953). 
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As a result of the development of the theory of crystalline spectra [13-16], 
it is possible to obtain information not provided by the vapor and solution spectra. 
For one thing, fundamental modes of vibrations whose frequencies are forbidden, 
by symmetry, to appear in the vapor spectrum may exhibit absorption in the solid 
state. Thus some frequencies may be observed directly which previously were 
inferred from a consideration of overtone and combination bands. Furthermore, 
in a crystal a situation is encountered in which all the molecules being observed 
have a fixed position and orientation in space. As a consequence of this condition, 
the orientation of the sample and the polarization of the radiation being absorbed 


become significant quantities 


Theoretical aspects 


fe 


Ferrocene has the formula (C,H,),Fe. The “sandwich” type structure for the 
cule was first proposed by Wuiixrvson ef al. [3]. This structure has sub 
ntly been verified by Emanp and [5], and Dunrrz and OrGe. 
sing X-ray techniques. The infrared and Raman spectra, as so far observed 
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coincident with the iron atom. The symmetry operations consistent with these 
elements form the group elements of the point group D,,. The character table 
of point group D,, is available in a number of publications [17, 18] and will not be 
duplicated here. 

Lirrrxcotr and NEson [10] have given the number of vibrations of ferrocene 
belonging in each species of the point group D,, as well as the descriptive designa- 
tions. The number assigned to each vibration in this paper will be the same as that 
used by Liprrxcorr and 


A\ 


504 


$+ 


Unit cell diagram of ferrocene. 
The ferrocene crystal 

Crystalline ferrocene has been found to be monoclinic with two molecules per 
unit cell [4,5]. It has the symmetry of space group C3,. A diagram of the unit 
cell, as described by Dunrrz and OrGeEt [4] is shown in Fig. 2. The solid black 
circles indicate the positions of the iron atoms. 

Consider the crystal to be finite in extent and of dimensions N ,t,, Nt, N3ts, 
where t,, t, and t, are the fundamental lattice vectors and N,, N, and N, are 
large integers. As done by Wrystown and HALrorp [16], two translations which 
differ by n,N,t, noN oto n't. are considered to be identical, where Ny, Ne 
and %, are any integers. With this restriction, the space group becomes a finite 
group. The symmetry operations of the space group C2, are: 

T(n), a translation by n,t, ot. nat, where n,, Ny, are integers. 

A(z, t,/2), a rotation by 7 about an axis parallel to t, (located in the t,t, plane 
a distance t,/4 from the origin) combined with translation t./2 (Fig. 2). 

S,(t,/2), a reflection in a plane parallel to the t,t, plane (located a distance 
t./4 from the origin along the t, axis) combined with a translation t,/2 (Fig. 2). 

i(n), an inversion through a point coincident with one of the iron atoms. There 
are N,N,N, of each of the above mentioned types of operations, giving the finite 


space group an order of 4N,NV,N,. The group of the N,N,N, translations is an 


[17] E. B. Witsow Jr., J. C. Decivs and P. C. Cross, Molecular Vib ons. McGraw Hill, New York 
(1955). 
18] J. E. RosenrHar and G. M. Murruy, Reve. Mod. Phys. 8, 317 (1936). 
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invariant subgroup of the finite space group. The translation group and its cosets 
then form a factor group of the finite space group. The elements of the factor group 
are: 
T 
A A(z, t,/2) 
S,(t,/2) 
i(n) 
The factor group multiplication table is given in Table 1. As can be observed 
from the multiplication table, the factor group is isomorphic with point group 


(’,, and has the same character table. The factor group character table is given in 
Table 2 and is the same as that given by HERzBeERG [19] except that the twofold 
rotation axis is here parallel to the t, or y-axis rather than the z-axis. 

The irreducible representations of the factor group are also irreducible repre- 
sentations of the finite space group. According to Winston and HaLrorp, if a 
motion of the system is to be infrared or Raman active it must belong to one of 
these factor group representations. The number of motions in a factor group 
representation of the finite space group is given by 


n fs. -(1/H) S {7 4 +- 2 cos (coset)} 


cosets 


where H = order of factor group; 
7,* (coset) = character of a coset in the ith irreducible representation, 
v(coset) = the number of atoms in a single unit cell which are left unmoved 
by some operation of the coset, 
d(coset) = the angle of rotation associated with the coset. 


As obtained from this formula, the number of vibrations and translations in 
each species is given in Table 3. No rotations are allowed under the factor group 
because of the periodic nature of the boundary conditions imposed on the crystal. 

The ferrocene crystal may also be considered from the standpoint of the site 
group symmetry. A site is the particular point at which the center of mass of a 


[19] G. Herzperc, Infrared and Raman Spectra of Polyatomic Molecules. Van Nostrand, New York 
(1945 
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Table 2. Factor group (C,,) character table 


A 


Table 3. Number of vibrations and translations belonging 
to each species of the factor group 


Species No. of vibrations No. of translations 


Table 5. Number of vibrations, translations and rotations of 
ferrocene under site group C, 


Species No. of vibrations No. of translations No. of rotations 


molecule is located. The ferrocene molecules are located at sites which have 


symmetry of point group C,;. The character table of point group C, is given in 


Table 4. The number of vibrations, translations, and rotations of the ferrocene 
molecule in each species of the site group is given in Table 5. Under the site 
group rotations are again permitted since each molecule is considered as isolated. 

It is enlightening to draw correlations among the various groups that have 
been mentioned and considered. Table 6 shows which species of the various 
groups can be associated with one another. Inspection of the Table shows that 
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the number of fundamental vibrations of ferrocene under point groups D,, and 
C, is 57, whereas under the factor group C,, the number of vibrations is 123. 
The difference is due to the fact that in the case of D,, and C, only one molecule 
of twenty-one atoms is being considered with sixty-three degrees of freedom, of 
which six can be associated with translations and rotations of the molecule. 
In the case of C,, a unit cell consisting of two molecules or forty-two atoms is 
This system has 126 degrees of freedom of which three are 


being considered. 


Table 7. Activity of binary combinations under the factor group 


Combination Species Activity 


mentioned 


associated with translations but none associated with rotations as 

previously. Of the 123 vibrations, 114 will be the same as those considered under 

D., except that two molecules are now performing them. The remaining nine 
5d 


consist of rotations and translations of the two molecules in the unit cell and 


constitute lattice vibrations. 
The activity of overtones and combinations under the factor group is shown in 
Table 7. 


Experimental 


Growth and orientation of crystals 


The ferrocene crystals were grown from a benzene solution at room temperature. 
The solution was kept in a small beaker which was fairly tightly corked so as to 
keep the rate of evaporation low. Two different types of crystals appeared to grow 
but it was later concluded that both types were bounded by the same crystal 
planes. Both types were parallelopipeds with one pair of faces much larger than 
the other two pairs so that the crystals had the form of flat plates. Their difference 
lay in which pair of faces was enlarged, the tendency being for that pair of faces 
to enlarge which was parallel to the bottom of the containing beaker. While 
still small, one type of crystal could be set on edge in the beaker and it would 


proceed to grow into a crystal of the other type. 
The orientation of the crystals was determined as follows. Let H be a vector 


L091 
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to a point in the reciprocal lattice, H = hb, + kb, + lb, where h, k, | are Miller 
indices and b,, b.. b, are the reciprocal lattice vectors. The b, are defined in terms 
of the direct lattice vectors a, as: 


b 


i 


a, Xa 
a,.a, X 

The vector H has a direction perpendicular to the (hkl) family of planes of the 
direct lattice and has magnitude equal to the reciprocal of the spacing d of the 
(hkl) family of planes. Thus H (1/d) and H, . H, = (1/d,d,) cosy = 
(hyb, + + . (Agb, + + where is the angle between the normals 
to the sets of planes (h,k,/,) and (h,k,!,). When solved for cos », the above ex- 
pression reduces, for a monoclinic lattice, to’ 


cos = + + + (byl, + ds}. 
In obtaining this expression, the a,-axis of the direct lattice was taken as the 


unique axis, being perpendicular to both a, and a,. The interplanar spacing d 
can be determined from the equation 


h? 2hl cos ke? 
d a,a,sin®* a,*sin? a, 


where f is the angle between a, and as. The b,, by, bs, are determined by the 
appropriate preceding equation. Thus the angle between the normals of any 
two families of planes is determined from a,, a, and a;, and #. These latter values 
were taken from Dunrrz and OrGEL [4] and are: a, 10-50 A; a, = 7-63 A; 
a, = 5-95 A; B = 121°. From these the 6, were computed as: b,* = 0-0123 A-3; 
b.2 = 0-0172 b,? = 0-0385 A-*; b,. by = 0-0112 A-*. The angle was 
computed for every pair of planes (hkl) for which (hkl) was some combination of 
the numbers 1, 0, —1. 

The angles between the faces of the crystal were measured and compared with 
the computed angles. The measurements were made on the type of crystal which 
will be called the (110) erystal. Fig. 3 illustrates the angles of interest. For ease 
of description the faces will be called large face (ZL), medium face (J/) and small 
face (S). The angles are as follows: 


angle between normals to and 8; 

= angle between normals to and 

5 = angle between normals to WV and S; 

y = angle at acute corner of L. 
The angles 6 and 4 were measured using a spectrometer table. Angle y was 
measured simply by a protractor observed through a microscope. Angle 6 was 
computed from 4, 6 and y. The values obtained for the angles were 
d 


69-5° + 2°; a — 


110-5° + 2°: 


101] —@ = 79° + 2 


LO8-6 
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A study of the computed angles showed there to be only one set of three 
crystal planes that have these angles with respect to one another. They are the 
(001), (110) and (110) planes. The conclusion is that the small face is a (001) 
plane, the medium and large faces are equivalent and are (110) and (110) planes. 
Since (110) and (110) planes are equivalent, the large face will arbitrarily be called 
the (110) face, which justifies the reference to this type of crystal as a (110) crystal. 

The other type of crystal will be called the (001) crystal. As this terminology 
now implies, it is the (001) face which is enlarged in this case. Since both types of 
crystal were known to be bounded by the same three planes, it was required to 
measure only one angle to identify the large face of this crystal as the (001) face. 
The angle measured is indicated by ¢ in Fig. 3. The angle ¢ has a value of 72-4°. 


Fig. 3. Designations of the faces of a crystal of ferrocene grown from benzene solution. 


Crystal spectra 

The crystal spectra were obtained with a Perkin-Elmer Model 12C spec- 
trometer, modified for double pass operation. 

The spectral range from 450 em~! to 700 em~ was obtained with a KBr prism, 
the range from 700 cm~! to 2200 em~! with a NaCl prism and the range 2200 em— 
to 6000 em~! with a LiF prism. 

The exciting radiation was plane polarized. The polarizer used was that made 
by the Perkin-Elmer Corporation and consists of a series of diagonal silver chloride 
sheets. The crystals in all cases were mounted so that the radiation was incident 
normal to what has been called the large face. The mounting procedure used was 
quite simple. The crystal was attached to a KBr plate by laying a bead of paraffin 
around its edge. Then the exposed face was smoothed by rubbing on a cloth 


moistened with acetone. When the outer face was smooth and reasonably plane 
the crystal was turned over so that the smooth face was in contact with the KBr 
plate. The face then exposed was smoothed in the same fashion and the thickness 
reduced as desired. When the desired thickness was attained the KBr plate with 
ferrocene crystal attached was mounted in a holder and placed before the entrance 
slit of the spectrometer. The thickness of the crystals used was not measured, but 


was adjusted to give what was felt to be a spectrum of reasonable intensity. 
The thickness was estimated to be of the order of a tenth of a millimeter. 
The relation of the electric vector of the polarized radiation to the erystal can 


best be described by a diagram. Fig. 4 shows two unit cells of ferrocene side by side. 
From parts of these two unit cells is constructed one small unit of the crystal 
used in this work. The cross-hatched face is the (001) face, the lined face is the 
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(110) face. For those spectra obtained from the (001) crystal, the radiation was 
incident normal to the (001) face. The orientations of the electric vectors for the 
two spectra obtained from the (001) crystal are illustrated by the two-headed 
arrows in Fig. 4. In one case the electric vector is parallel to t, and in the other 
case parallel to t,. For those spectra obtained from the (110) crystal the radiation 
was incident normal to the (110) face. Again the two-headed arrows indicate 
the orientations of the electric vectors for the two spectra obtained from the (110) 


Fig. 4. Orientation of the unit cell in crystals of ferrocene grown from benzene solution 


crystal. In one case the electric vector is parallel to t, and in the other case it is 
perpendicular to ¢, in the (110) plane. 

The various directions taken by the electric vector refer to the radiation 
before it reaches the crystal. There is no guarantee that plane polarized radiation 
will remain polarized inside the crystal or emerge as plane-polarized light. In 
general, this will not be true for anisotropic crystals, as discussed by NEWMAN 
and Harrorp [21] and Marurev [20]. For any direction of propagation through 
the crystal there are, however, two mutually perpendicular directions along which 


the electric vector may oscillate such that plane-polarized light will remain plane 


polarized. These preferred directions can be described with respect to the dielectric 
ellipsoid of the material as follows |22, 23]. Assuming a plane wave with a normal 
indicated by vector n, cut the dielectric ellipsoid by a plane which is perpendicular 
J. P. Marurev, J. phys. am. 16, 219 (1955). 
21) R. Newman and R. 8. Hatrorp, J. Chem. Phys. 18, 1276 (1950). 
22) F. A. Jenkins and H. E. Wurre, Fundamentals of Physical Optics (lst Ed.). McGraw-Hill, New 
rh 


\ 
23) M. Pranck, Theory of Light. Macmillan, London (1932). 
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to n and which contains the origin of ellipsoid. The resulting section will be an 
ellipse. Radiation which is polarized with its electric vector along either the major 
or minor axes of this ellipse will proceed with its polarization character unchanged. 
A knowledge of the orientation of and the relative magnitude of the principal axes 
of the dielectric ellipsoid would enable the prediction of the principal axes of the 
ellipse perpendicular to an arbitrary n. Such complete information is not generally 
available, however, especially as the dielectric ellipsoid is not determined by the 
structure of the crystal alone, but also by the frequency of the radiation. If a 
100 


(o) 


Transmission, 


%o 


Transmission, 


Fig. 5. Spectra of a ferrocene single crystal (1800-6600 em 
(a) (001) erystal, E || t,; 
(b) (001) crystal, E || t.; 
(c) (110) erystal, E 4 t,; 
(d) (110) crystal, E || ts. 


crystal lattice possesses some symmetry it is possible to determine some of the 
features of the dielectric ellipsoid. In particular, a monoclinic crystal is symmetric 
with respect to a plane perpendicular to its t, axis. Consequently, the dielectric 
ellipsoid associated with such a crystal is also symmetric with respect to that plane. 
Therefore, one of the principal axes of the dielectric ellipsoid lies parallel to the 
t. crystal axis, and the other two lie in a plane perpendicular to t,. If n is per 
pendicular to t,, the elliptical section perpendicular to n necessarily has t, as one of 
its principal axes, and consequently plane polarized radiation with electric vector 
parallel or perpendicular to t, will remain plane polarized within the crystal. 
For any other direction of n the behavior of the radiation is uncertain. It can be 
observed from Fig. 4 and from the discussion given that those spectra obtained 
from the (001) crystal of ferrocene fulfill the requirements for unaltered plane- 
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polarized radiation. The spectra obtained from the (110) crystal do not meet these 


requirements and consequently no statement can be made about the nature of the 
radiation within that crystal. 

The spectra obtained as indicated are reproduced as Figs. 5 and 6. Only the 
spectra obtained from the (001) crystal were given any consideration in this work. 
The spectra of the (110) crystal are, of course, perfectly respectable crystal spectra 
but their polarization effects cannot be readily interpreted. 


Frequency, om” 
errocene single crystal (400-2000 on 
ool rvetal, E t,; 

(01) crystal, E t,; 

110 rvstal, E t,; 

110) eryetal, E t, 


On the basis of normal co ordinate calculations for the cyclopentadiene rings 
similar to the calculations of Cunnurre (24) for cyclopentane, and the selection 
rules for factor group and site symmetry the tentative assignments given in Table 
8 were made. There appears to be no discrepancy between the assignments made 
by Lirrrxcorr and Netsow (10) and the crystal spectra. 

The band system in the region 1600-1750 em~' in the vapor spectrum is also 
a prominent feature in the crystal spectra. This band system appears to consist 
of three bands, one doublet centered at 1630 em~', another doublet at 1695 cm~"', 
and a third rather sharp band at 1748 cm~' in the vapor spectrum. It has been 
suggested that these bands may be connected with hindered internal rotation of 
the molecule. For a very low barrier the combination band », +- ¥,. and overtone 
2v,, would be expected to give rise to combinations with »,, yielding bands similar 


24) B. Cvounvrre, Ja. and W. H. Saarren, J. Molecular Spectroscopy 1, 239 (1957). 


1006 


| 

\ ai | 

\\ j ry V ' | 
~ j j 
k SERS SE 
Fig. 6. Spectra of a 
(d 
ha 


The infrared spectrum and structure of crystalline ferrocene 


Table 8. Observed infrared frequencies of ferrocene 


Crystal ( ¢,) Crystal ( t,) Assignment Species 


488 broad 488 broad 


569 569 
791 791 
S19 821 
846, 859 855 
SSH 
1004 1006 
1052, 1062 1049, 1060 
1110 1110 
1189 
1240 
1257 1257 
1351 1351 
1410 1410 
1488 1486 
1582 1577 
1620-1715 1630-1740 1630-1740 
1748 1777 1768 
1005 
1961 1961 
2015 2015 
O64 
2122 2122 
2°08 29°08 
2259, 2270 


2317 2317 
2410 2410 
2467 2467 
2513 2513 
2607 
2025 2925 
S035 

S077 


31038 3103 


3159 3159 
3922 3922 
4078 4078 
4132 $132 
4196 4106 
4338 4358 
4440 $440) 
$500 
6020 
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in appearance to the observed bands. Other £,, or A,, bands would be expected 


to combine with rv, in the same way. The failure to observe any such bands gives 
rise to considerable doubt that the bands in the region 1600-1750 cem-' involve 
hindered rotation. These bands are thus probably overtone and combination bands 
involving CH bending motions 

Some consideration will now be given to the polarization effects which are 


observed in the crystalline spectra. In Fig. 7 let the YZ plane represent the face 


Fig. 7. Orientation of molecular dipole moment in ferrocene crystal. 


of the crystal perpendicular to the direction of the incident radiation. The incident 
radiation is proceeding along the X-axis. Relating Fig. 7 to the ferrocene crystal, 
Y is parallel to t, and Z is parallel to t,. The vector M represents the orientation 


of the changing dipole moment (transition moment) of a molecule. The vector E, 
the electric vector of the polarized radiation, is necessarily in the Y Z-plane and 
makes an angle « with the Z-axis. The intensity of the given transition is pro- 
portional to E)*. 


In ferrocene there are two molecules per unit cell, both of whose transition 


moments for a given vibration must be considered. Call these two transition 
moments M, and M,. Let the direction of M, be characterized by the angles 
y and ». By reference to the factor group character table, Table 2, it is observed 
that the symmetry of the unit cell requires that for a vibration of species A, the 
direction of M, be described by the angles y and (7 + @). It is similarly required 
that for a vibration of species B,, the direction of M, be described by the angles 
(7 — wp) and ». Then the transition moment for the complete unit cell is given 
by M = M, M,,. 
Consider first a vibration of species A, 
M = M, + M, = im {sin ysin + sin pysin (7 + 
jm [sin y COS @ sin y cos (7 
+ km [cos y + cos y] 
km |2 cos 


where m is the magnitude of the transition moment. The electric vector, E, is given 
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by E jc sin « + ke cos e, where ¢ is the magnitude of E. Then M.E 
me 2 cosy cose. The two polarizations used in this work were E || t, || Y and E || 
t, || Z. These polarizations correspond, respectively, to « 7/2 and « 0. For 
these two cases M. E 0 for « ri2ZandM.E me 2 cos y) for « 0. 


Consider next a vibration of species B,. 


M —M, + M, = im [sin ysin + sin (7 — y) sin 
jm [sin y cos w + sin (7 — p) cos w) 
km [cos y + cos (7 — y)] 
im [2 sin y sin + jm [2 sin y cos 


me 2 sin y COs @ sin 


me2siny for 


‘) for 


As indicated by Table 6, every antisymmetric species of point group D;, 
(i.e. every species with subscript «) appears in both species A, and B, of the factor 
group. Thus every band is theoretically split in the crystal although the splitting 
may be so small as not to be observed. When the electric vector of the radiation 
is parallel to t,(« 7/2), the intensity of the A, component is 0 and the intensity 
of the B, component is proportional to (me 2 sin y cos w)*. When the electric 
vector is parallel to t,(« 0), the intensity of the A, component is proportional 
to (me 2 cos y)* and the intensity of the B, component is 0. Therefore the ratio 
of the intensities for the two polarizations can be written 


y l 


t, sin® wy @ tan® cos? 


The fundamental vibrations of species A,,, of point group D,, will be considered 
first. These modes of vibration have a transition moment in the isolated molecule 
which is parallel to the molecular symmetry axis. It will be assumed that this 
transition moment retains its direction, relative to the molecule, when the mole- 
cule is located in a crystal. Thus the angles y and describing the direction of the 
transition moment are the same as the angles 9 and 4 which describe the direction 
of the molecular symmetry axis A as shown on Fig. 8. Therefore, for species A 
the intensity ratio, expressed in terms of the orientation of the molecule, is 


2u 


cos? d 


This is one of the species which is able to give a clue as to the orientation of the 
molecule in the crystal. The A,,, bands are those at 488, 1110, 821 and 3103 em—., 
For none of these bands is a splitting observed, indicating that the A , and B, 
components occur at very nearly the same frequency. With the exception of the 
488 cm~ band, which is broad and poorly resolved, all these bands are slightly — 
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but definitely—more intense in the spectrum for which E || t,. So the intensity ratio 


t. l 
t, tan* 6 cos? d 
or 


tan? 9 cos? 4 


The fact that the intensity ratio is very nearly equal to one is in agreement with 
the electron density projections of Duxrrz and Oreen [4] which indicate that 
= and = 0. On the other hand, the slight but consistent deviation of the 
intensity ratio from one indicates that 6 and ¢ do not have exactly the values 
7/4 and 0. 


| 


Fig. 8. Orientation of molecular symmetry axis in ferrocene crystal. 
Consider next the species 4,,. Fundamental vibrations of this species have no 
transition moment in the isolated molecule. These vibrations acquire a transition 
moment in the erystal but it is impossible to predict its direction with respect to 
the molecule without additional information as to the crystal force field. There 
is only one fundamental of this species observed and it occurs at 1257 em-. 
No splitting is evident so that the A, and B, components occur at the same fre- 
quency. The intensity ratio can only be expressed in terms of the angles y and 
describing the direction of the transition moment. Thus 


t, tan* y cos? 
This band is slightly more intense for E || t, so that tan? y cos* 1. This 
relationship does insist that yp 7/4, but can make no indication as to the 


value of «. 

The fundamentals of species E,,, are doubly degenerate for the isolated molecule 
and have a pair of transition moments which are in a plane perpendicular to the 
molecular symmetry axis and which are perpendicular to one another. Their 
position in the plane, however, is arbitrary. When the molecule is placed in the 
crystal, the symmetry is reduced to the site group symmetry, the degeneracy is 
removed, and the directions of the transition moments are fixed. So one of these 
degenerate vibrations can be considered to be split into two components, I and II, 
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whose energy may or may not be observably different. Each of the components 
I and II is further split under the factor group into an A, and a B, component as 


already described, which splitting again may or may not be observed. If both site 


u“ 


group splitting and factor group splitting were observably large, each vibration of 


species £,, should be split into four components. The two A, components would 
be observed in the spectrum where E || t,, and the two B, components would be 
observed in the spectrum where E||/t,. If only the factor group splitting is 
observably large, each spectrum should show a single band, but at frequencies 
different by the amount of the splitting. If only site group splitting is observably 


large, the A, components of both I and LI appear in one spectrum as a doublet, 
and the B, components of I and Il appear in the other spectrum as a doublet, 
the two doublets occurring at the same frequency. Thus when a band appears as 
a doublet in one or both of the spectra, site group splitting must necessarily be 
occurring. Factor group splitting is only capable of producing an apparent shift 
from one spectrum to the other. 

Consider the £,,, band that occurs at 841 em~! in the vapor. This band suffers 
an observable site group splitting of about 13 em~'. Call the two components of 
this splitting I and II, the lower frequency being I. Describe the direction of the 
transition moment of I by the angles y, and ,. Describe the direction of the 
transition moment of II by y, and @,. The relative intensities of the various 
components are given by: 


A,, component of I « cos* y,; 


A,, component of IL « cos? y,; 


u 
B,, component of I « sin® y, cos* w,; 


B,, component of Il sin® y, wy. 


In the spectrum for which E t,, both A, components may be observed. However, 
I is absent in this spectrum which specifies that cos* y, — 0, or y,; = 7/2. U 
is definitely present, so y, 4 7/2. In the spectrum for which E || t,, both B, 
components may be observed and are observed, although LI is weak. Assume 
the transition moments for both I and II lie in the plane perpendicular to the 
molecular symmetry axis and that they are perpendicular to one another, which 
is the case for the isolated molecule. Postulate also that the symmetry axis of 
the molecule lies in the t,t, plane. Then since y, = 7/2, ~, is also necessarily equal 
to 7/2 and the B, component of I has zero intensity. In contradiction, however, 
the B, component of I is observed which indicates that the molecular symmetry 
axis does not lie exactly in the t,t, plane. The apparent shift of this doublet 
between the two crystal spectra (about 4c¢m~') may be due to factor group splitting, 
but its location on the side of a more intense band makes frequency measurements 
uncertain. 

No site group splitting is observed for any of the remaining bands of the £,,, 
species. The polarization effects in these bands are very slight and do not give 
sufficient information to verify or deny any statement as to the orientation of the 
molecule in the crystal. The orientation of the transition moments associated 
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with the vibrations of species E,, is completely uncertain. In view of this un- 
certainty, these modes give no constructive information as to molecular orienta- 
tion. There are some effects worth noting, however, among these fundamentals. 
The out-of-plane CH bending mode at about 1050 em! shows definite site group 
splitting of about 10 em~*. It also shows an apparent shift between the two spectra 
which may be a result of factor group splitting. The greater intensity of this band 
in the spectrum for which E || t, is quite pronounced. The CH stretching mode at 
3159 cm~' is noticeably more intense in the spectrum for which E || t,. The absence 
of the weak fundamental at 885 cm~! from one of the spectra is not too alarming 
considering the uncertainty in transition moment orientation for this species. 

No attempt was made to interpret the few polarization effects on the overtone 


and combination bands. 
The polarization data seem to lead to the following conclusions. The molecular 


symmetry axis lies approximately but not exactly in the t,t, plane of the unit cell. 
The angle between the molecular symmetry axis and t, is approximately 7/4. 
The site group splitting is prominent, about 10 em~'!, for only two fundamental 
vibrations, the degenerate out-of-plane CH bending modes. Factor group splitting 
is possibly observed for some bands, being about 2 em~", 
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Abstract lhe Raman and infrared spectra of cyclooctane have been obtained under several 
conditions of temperature and state of aggregation. 

The infrared spectra of gaseous, liquid and solid cyclooctane contain essentially the same 
bands. No unequal dependence of band intensities on temperature is observed in either the 
{aman or infrared spectrum of the liquid. This behavior is taken to imply that only one struc- 
tural isomer of cyclooctane is present under ordinary conditions. 

Division of the vibrational spectrum into regions associated with the group frequencies 
present in the molecule and comparison of the spectrum in each region with that predicted for 
the various possible models allows one to select the “tub’’ form (point group D,,) as the most 
probable structure of cyclooctane. An assignment of frequencies is made on the basis of the 
“tub” model. 


Introduction 

ALTHOUGH the spectra and structures of several of the cyclic saturated hydro- 
carbons have received considerable attention in recent years, relatively little has 
been published on the eight-membered ring, cyclooctane, C,H,,. The infrared 
spectrum that is available is that given by Corr [1] and was obtained for charac- 
terization of the substance. Gopcnor [2] and Gousgav [3] reported the Raman 
spectrum, though neither author included any polarization data. LivixestTon 
and coworkers [4] carried out an electron diffraction study on cyclooctane with 
inconclusive results. The crown model, symmetry D,,, seemed most compatible 
with their data, but a mixture of rotational isomers, with a large percentage of 
crown form present, could not be excluded. Lorp and Lipprxcorr [5] studied 
the infrared and Raman spectra of the compound and their preliminary results also 
implied the existence of rotational isomers. 

cycloHexane, similar to cyclooctane but with two fewer carbon atoms in the 
ring, has been extensively studied [6-9] and the chair configuration, symmetry 
D,,, seems well established. 

In this work we have attempted, by a study of the infrared and Raman spectra 
of cyclooctane, to determine the most probable structure of the molecule. To aid 
in the interpretation of the data a complete and parallel study of cyclohexane was 

* Presented in part at the Symposium on Molecular Spectroscopy, Columbus, Ohio, June 1957 
+ Present address, Electrochemicals Division, du Pont Co., Buffalo, New York. 
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also made. Though we include no data on cyclohexane here, since our results are 
very similar to those available, we will refer to its spectrum and structure deter- 
mination where they pertain to the problem of the structure of cyclooctane. 


Experimental 


Sam ple preparation 


A 200 ml sample of research grade cyclooctatetraene was obtained from the 
General Aniline and Film Corp., and was purified by vacuum distillation. The 
infrared spectrum of the product on comparison with the spectrum of Lirprixcorr 
and Lorp [10] indicated about 2°, styrene as impurity. 

The purified material was reduced with hydrogen at low pressure over a 5°, 
Pd on carbon catalyst according to the method of ZreGLeR and WicMs [11]. 
The product was separated from the catalyst and solvent and unsaturated im 
purities were removed. Fractional distillation of the sample resulted in 99°, pure 
cyclooctane as determined by vapor phase chromatography. The physical con- 
stants of this sample, used in all subsequent Raman studies, are b.p. 150°C at 
745 mm Hg; m.p. 13-9°C; d, 08356 g/ml; n=" 1-4576. 

For the infrared studies the above sample was further purified by vapor-phase 
chromatography. By a method previously described [12] the cyclooctane fraction 
was trapped as it came from the column and a small sample of chromatographically- 
pure material was thereby obtained. 


The sample of cyclohexane was Eastman Kodak spectral grade and was purified 
by fractional distillation. The final sample analysed 99-5 per cent pure by vapor 


phase chromatography. 

ceycloHexanone and cyclooctanone, used in some of the spectral studies, were 
obtained from Eastman Kodak and K and K Laboratories, respectively, and were 
purified by fractional distillation. 


Infrared spectra 


The infrared spectra from 2-15 4 were obtained in our laboratory with a 


Perkin-Elmer Model 21 instrument with sodium chloride optics. The region from 
15-34 « was obtained on a Perkin-Elmer Model 13 instrument with a cesium 
bromide prism.* Wavenumber calibration of our instrument was made on the 
basis of published frequencies of polystyrene film. Absorption peaks are believed 
to be accurate to or better from 300-1700 and 6 or better 
between 1700 and 3000 cm-!. 

For all liquid samples other than the purest cyclooctane, standard infrared 
cells were used. The cell, of thickness 0-05 mm, made to hold the small volume of 
pure cyclooctane has been described [12]. The spectrum of solid cyclooctane was 
obtained in a double cell which could be cooled to —50°C with a stream of dry 
nitrogen. Spectra were taken for a sample frozen at —50°C and at 10°C intervals 
up to room temperature. The infrared spectrum of the liquid was measured at 


* Courtesy of M. Tobin, Olin Mathieson Laboratories, New Haven, Conn. 


E. R. Lirrrscort and R. C. Lorp, J. Am. Chem. Soc 73, 3370 (1951). 
K. Zreciter and H. Wiims, Ann. Chem., Justus Liehbiqs 567 (1950), 
H. E. Bevwuis and E. J. Svowrskt, J. Chem. Phys. 25, 794 (1956). 
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several temperatures between room temperature and 120°C. The oven used 
encompassed both beams of the spectrophotometer and was electrically heated. 
The vapor spectrum in the infrared was obtained in a 4-5 cm gas cell. A small 


amount of liquid was injected into the cell, which was then evacuated and placed 


in the oven. The temperature was raised until a sufficiently intense gas spectrum 


was obtained. 


Raman spectra 

The Raman spectra were obtained photographically in our laboratory with a 
Hg 4358 A excitation was 
used with a filter of saturated sodium nitrite and eosine plus a Wratten 2A filter. 


Hilger E 615 glass spectrograph of aperture f = 5- 


Background intensity was low and no lines arising from Hg 4047 A excitation were 


identified. 
Kodak 103J plates were used and exposure times varied from 30 min to 6 hr, 
with a slit width of from 0-10 to 0-15 mm. Calibration was made by comparison 


with an iron spectrum exposed above and below the Raman spectrum. The 


faman frequencies are believed to be accurate to —3 cm~! below 1700 em~! and 


-6em~! above 1700 cm~!. Intensities of lines were estimated by eye on an 


arbitrary scale with 10 assigned to the strongest observed Raman line. 

The method of EpsaLi and WiLson [13] was used to obtain polarization data. 
Polaroid cylinders with the plane of polarization parallel and perpendicular to 
the axis of the Raman tube were prepared and suitably masked. Nearly identical 


times of exposure were used in the two experiments, which were made consecutively 


on the same plate. 


Experimental results 


The observed infrared and Raman spectra for liquid cyclooctane are given in 
Table 1. There are a total of thirty-six Raman lines, of which eleven appear to be 
polarized. In the infrared spectrum forty-three bands are observed. The infrared 


spectrum of the solid was essentially identical with that of the liquid. In the 


rather weaker spectrum of the vapor sixteen bands were observed. Almost no 


structure was apparent in any of the bands in the infrared spectrum of cyclooctane 


vapor, although the vapor spectrum of cyclohexane showed considerable structure. 


Intensities of infrared bands in the Table are qualitatively assigned according 


to the following convention for bands as observed in a liquid cell of 0-125 mm 


thickness: below 5 per cent transmission (7'), very strong; 5-20 per cent 7’, 


strong; 20-50 per cent 7’, medium; 50-90 per cent 7’, weak; and greater than 


90 per cent 7’, very weak. 


Temperature studies 


If rotational isomers are present in cyclooctane they might be detected spectro- 


scopically in several ways. One would expect possible dependence on temperature 


of band intensities in the infrared or Raman spectrum; changes in concentration 
of isomers in accord with the Boltzmann distribution law should be reflected in 
unequal dependence of band intensities on temperature. On solidification of the 


13} J. T. Epsavy and E. B. Wiison, Jr., J. Chem. Phys. 6, 124 (1938) 
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Fable 1. Vibrational spectrum and frequency assignment of cyclooctane (Dy, tub model) 


Raman (liq) Infrared (liq) 


(om 1) 


Assignment 
(eri 


E (979 — 767 = 212) 
B, COC bending 
bending 
By OO bending 
1, OOF bending 
(983 $15 438) 
1290 848 442) 
B, COC bending 
bending 
B, (1442 789 683) 
(1467 767 700) 
OCU stretching 
1085 4169 716) 
369 738) 
stretching 
stretching 
stretching 
292 $15 807) 
CH, rocking 
“292 876) 
1462 $15 947 


stretching 


948 
OSS, 
stretching 

292 990) 

67 243 1010 

( Ht «king 

( H, rocking 

CH, rocking 

, CH, twisting 

792 329 1121) 
1, CH, rocking 

1134 BR. H, twisting 

1164 \ E (792 369 1161 

1216 vv S16 1214) 


1013 


1044 
1OR7 


} 
hie 

/ 

/ 


1110 


123 
1257 


H, twisting 
H, twisting 
1287 A, CH, twisting, E CH, wagging 
1325 FE (1085 243 1328) 
1341] H, wagging 

1,, By H, wagying 
1348 E (1044 292 1336) 
1361 H, wagying 
1447 B,, E CH, bending 
1467 i,, H, bending 
1475 H, bending 
1733 E (979 767 1746) 
1805 vw FE (1044 759 1803) 


21841) D 

243 (1) D 

997 (3) D 

3291) D 

4 169 (4) P 

435 (0 434 
446 (0 4440 

480 1) 480 

$15 (2) D S16 m 

67111) 

7 

719 vw 

7$9 (7 

79) 790 m 

809 vw 

848 (2) D 853 m 
869 (0 870 
195 
95316) 1D 

979 (5) DD 

| 

1044 (1) D 

noes 15) 

1107 (4 

1126 (3) P 

1140 (0 

a 1164 (0 

1229 10 

1255 (1) D 
a 

1290 (9) D 
E 1345 (4) P 

1359 (0 

4 1442 (10) Db 

146) (3) I 
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Table 1 (contd.) 


Raman (liq) Infrared (liq) 
ASSiZTimen 


(em 1) (em 1) 


1940 w kK (1467 480 1947) 


2125 w B, (1290 848 2138) 
2230 w EF (1467 767 2234) 
2280 w EF (1290 979 2269) 
2400 w Kk (1442 979 2421) 
2670 m KE (1361 1287 2648) 
2688 (2) P 1, (2 1345 2690) 
2855 (8) P 2850 vs A,, B,, B,, KE CH sym. stretching 
2907 (10) P A, (2 1442 2884) 
2925 (10) P 2920 vs 1,, By, By, Eh CH asym. stretching 
3080 w FE (2850 243 3093) 


293 3213) 


3200 w 


sample one might expect that a transition to a single isomeric form would simplify 
the spectrum. 
No such effects were observed. There was no unequal variation of band 


intensities with temperature as the liquid was heated from room temperature 


to 120°C. The infrared spectrum of solid cyclooctane at —50°C was substantially 


the same as that of the liquid. 
The above evidence implies the absence of detectable amounts of rotational 


isomers in cyclooctane. The attempt was therefore made to interpret the observed 


spectra on the basis of a single molecular structure. The fact that a reasonably 


simple interpretation on that basis is possible would appear to support the view 


that the existence of rotational isomers in cyclooctane at about 25°C is unlikely. 


Interpretation of the spectra 


Preliminary selection of fundamentals 


Since cyclooctane is such a large molecule, possessing some sixty-six degrees of 


vibrational freedom, it is necessary, before proceeding with the structure deter 


mination, to make a tentative selection of bands associated with fundamental 


frequencies of vibration. Studies of the spectra and vibrational analyses of 


cyclopropane |14], cyclobutane [15], cyclopentane [16], cyclohexane {9]. and our 


spectra of cyclohexane indicate that with our intensity conventions fundamental 


bands in the infrared spectrum of cyclooctane may be expected to have an intensity 


of medium or greater and that Raman bands will have an intensity of | or more. 


Also, fundamental vibrations appear to occur only in the regions 0—-1500 em-! 


and 2750-3200 em~' for these cyclic hydrocarbons. 


14) A. W. Baker and R. C. Lorp, J. Chem. Phys 23, 1636 (19055) 

(15) G. W. Rarusens, N. K. Freeman, W. D. Gwixw and K. 8S. Prirzer, J. Am. Chem. Soc. 75, 5634 
(1953). 

16) F. A. Micier and R. G. Inskeer, J. Chem. Phys. 18, 1519 (1950) 
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Application of the above empirical rules to cyclooctane results in the estimate 
that its vibrational spectrum contains about twenty infrared fundamentals and 
about twenty-six Raman fundamentals, of which nine are polarized. If we consider 
that a coincidence between infrared and Raman bands occurs when the bands fall 
within 6 em~! of one another below 1700 em~' and within 12 em~' of one another 
above 1700 em~' and that at least one member of the coincident pair has sufficient 
intensity to be considered a fundamental band, there are twenty coincidences in 
the vibrational spectrum, and of these five involve polarized lines. 


(‘one lusions drawn from i nie ral nature of ribrational Spe ct wie 

Since the cyclooctane molecule is so large, no definite structure can be selected 
on the basis of the general character of the vibrational spectrum. However, 
the presence or absence of coincidences in the spectrum can presumably be deter- 
mined and used to eliminate some of the possible symmetries from further con- 


sideration. As noted above. twenty coincidences were observed, with eleven of 


them occurring below 1200 cm~!, where resolution is good and chance coincidences 
less likely than at the higher frequencies. This implies that structures in which all 
coincidences are forbidden are highly unlikely for cyclooctane. In the case of 
cyclohexane, where the accepted point group does forbid any coincidences, out of 
twelve observed vibrational frequencies below 1200 em~! only one has an apparent 
coincidence. If the existence of coincidences in the vibrational spectrum of 
cyclooctane is accepted, cyclooctane cannot belong to any of the following point 
groups, since they do not allow for any coincidences: Dy,,, Cg, Sg. Dy, Dy, 
Cg. Dy. Cy, and C,. It is noted that the D,, point group, to which the crown form 
of the molecule would belong, must be eliminated on this basis. 

Several other point groups appear to be unlikely for cyclooctane on the basis 
of the total number of lines observed in the vibrational spectrum. Those point 
groups of very low symmetry have predicted spectra containing about twice as 
many lines as were observed. Since it seems improbable that such a large fraction 
of lines would not be seen, the following symmetries are eliminated: C,,, D,, C, 
and (,. At this point eight point groups remain as possible symmetries for cyclo- 
octane. They are (,,, Cy, Dy, Dy, Cy, Cy, S, and D,,. Similar reasoning applied 
to the overall vibrational spectrum of cyclohexane also leaves eight possible point 
groups as symmetries for that molecule. 


Conclusions drawn from analysis of group vibrations 

The difficulties in attempting to determine the structures of large molecules, 
particularly hydrocarbons, on the basis of their overall vibrational spectra are 
obvious. The spectral regions in which carbon—hydrogen stretching and bending 
frequencies occur are very narrow; with many such frequencies active, overlapping 
of several bands caused by the same group vibrations in different classes tends to 
occur. Limited resolution, especially in the C—H stretching region, also makes 
detection of individual vibrations difficult. The net result is that at the higher 
frequencies the number of bands present is much less exactly known than at the 
lower frequencies, where the spectral range of the group frequencies is larger and 
resolution is better. Final determination of the most probable symmetry of 
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cyclooctane was therefore carried out on the basis of those group frequencies 
occurring at the lower end of the vibrational spectrum, below 1400 em. 

In Fig. 1 are sketched the general forms of the vibrations in each of the vibra- 
tional classes for a planar, D,,, model of cyclooctane. These vibrations follow in 
the usual way [17] from the D,, character table given in Table 2. The normal 
vibrations in each class are considered to consist primarily of the vibrations of 


A,, CC stretching A,, CH, twisting A,, CH, wagging A,,, CH, rocking 
R_ CH, bending IR CH (asym.) stretching 
CH (sym.) stretching 


* 
}- 


B,, CCC bending B,,, CH, twisting B,, CC stretching B,,, CCC bending 
CH, bending CH, wagging CH, rocking 
CH (sym.) stretching CH (sym.) stretching 


E,, CH, rocking E,,, CC stretching E,, CC stretching 
R_ CH, twisting IR CH, bending R CCC bending 
CH (asym.) stretching CH, wagging CH, bending 
CH (sym.) stretching CH, wagging 
CH (sym.) stretching 


E,,, CCC bending E,, CCC bending E,,, CC stretching 
CH, rocking CH, rocking CCC bending 
CH, twisting CH, twisting CH, bending 


CH (asym.) stretching CH (asym.) stretching CH, wagging 
CH (sym.) stretching 


Fig. l. Vibration of cyclooctane Dy model 


groups of atoms within the molecule. These group vibrations may consist of 
skeletal modes, in which the CH, groups move as units, and modes in which the 
CH, group vibrations are important. Our notation is that of KonLRauscH [18], 
and below each of the diagrams are the group vibrations which would be associated 
with that class and the spectral activity of that class. Using the diagrams and 
[17] G. Herzpere, Infrared and Raman Spectra of Polyatomic Molecules Ch. 2. Van Nostrand, New 


York (1945). 
[18] K. W. F. Kountrauscu, Ramanspektren p. 215. Edwards, Ann Arbor, Mich. (1945). 
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the spectral activities of each of the vibrational classes, one can quickly predict 
the vibrational spectrum of the D,, model of cyclooctane on a group vibration 
basis. 

This information is made more useful by noting the spectral regions in which 
one expects to find each of the group vibrations. From the reported vibrational 
analyses of the normal alkanes [19, 20] and the cyclic hydrocarbons [9, 14-16] 
spectral regions can be obtained for each type of group vibration. C—H_ bond- 
stretching vibrations are seen to occur from 2800-3200 em-!; CH, bending modes 


Table 2. Character table for point group Dg, 


S S te 


bo bo to bo bo 


to bo 
to be 
to bo 


“7 
to te 
“7 


appear from 1400 to 1500 em~'; CH, wagging and twisting fundamentals from 
1170 to 1400 em-!; CH, rocking and C—C bond-stretching modes from 670 to 
1170 em-!; C—C—C bond-angle bending modes are active below 670 
Using the above spectral ranges, which fit the previously analysed cyclic hydro- 
carbons quite well, one can predict the number of bands to be expected in each of 
the spectral regions once the analysis of group vibrations has been made. The 


predictions for the ),, point group appear in Table 4. 

For structures of symmetry lower than D,, the predictions of vibrational 
spectra on a group frequency basis were obtained by referring to the correlation 
table given in Table 3. This table, essentially that of Wiisown et al. [21], gives the 
vibrational classes into which the classes of point group D,, transform when the 
symmetry of the molecule is decreased by changing the atomic positions. The 
correlation table and the spectral activities of the vibrational classes for each point 
group allowed construction of Table 4. In Table 4 are included all point groups 
not already eliminated, plus D,, and C,,. 

A table analogous to Table 4 was prepared for the cyclohexane molecule. 
19) H. Tscuamier, J. Chem. Phys. 22, 1845 (1954). 

0) J. K. Brown, N. SxHerrarp and D. M. Simpson, Trans. Roy. Soc. (London) A 247, 35 (1954). 


» 
[21] E. B. Wirson, J. C. Decrvs and P. C. Cross, Molecular Vibrations Ch. 6. McGraw-Hill, New York 
1955). 
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Structures eliminated by consideration of the overall vibrational spectrum of 


cyclohexane again showed poor agreement between predicted and observed spectra. 
Further elimination of structures was possible, however, on the basis of poor 
agreement below 1400 cm~!. The two point groups D,, and D,, have predicted 
spectra which best agree with that observed, with the exception that for point 
group PD), some coincidences are predicted, where for point group D,, there are 
no coincidences allowed. Below 1400 cm~! the D,, model predicts five Raman 
coincidences for the eight predicted infrared fundamental absorption bands. 
In this region six principal infrared bands are observed, and only one of these 
can be considered to have a Raman coincidence. This evidence. plus other rather 
more minor disagreements between predicted and observed spectra, allows one 
to select the ),, model as being the most probable structure of cyclohexane. 

The parallel study of the spectrum of cyclohexane was very useful, in that 
features observed in the course of its vibrational analysis gave a general implication 
of features to be considered reasonable in the rather more complicated spectrum 
of cyclooctane. Among the features observed in the cyclohexane analysis are: 
(1) the separation of fundamental from harmonic bands is consistent with our 
intensity convention, except that CH, wagging modes in the infrared are somewhat 
weaker than expected; (2) considerable over lapping of C—H stretching and of ( H, 
bending modes occurs: (3) chance coincidences below 1400 em~! occur for two 
out of eleven observed infrared bands; (4) all predicted polarized fundamental 


bands below 1400 


are observed in the Raman spectrum of cyclohexane. 

Considering now the predicted spectra for the various molecular symmetries 
as given in Table 4, the situation regarding coincidences seems clear. Below 
1400 cm~! of out twenty-six observed fundamentals there are sixteen apparent 
coincidences. ‘To attribute all sixteen to chance appears to be unreasonable 
in view of the nature of the spectrum of cyclohexane, and hence all structures 
which completely forbid coincidences are eliminated as before. Again. structures of 
symmetry (,, and below predict spectra about twice as rich as observed and are 
therefore ruled out. 

Of the eight symmetries still under consideration, those associated with point 
groups (,,. C, and PD, can be eliminated on the basis of the observed spectrum 
below 670 ¢em-'. These models allow no polarized Raman lines and no infrared 
bands in this region. One polarized Raman line and two infrared bands are 
observed. Also, seven Raman lines are observed where two are predicted. Between 
670 and 1170 em~' these models also predict a simpler spectrum than is observed. 

Point groups C,,, (', and S, predict at least five polarized coincidences below 


1170 em~! and one is observed. In the 1170-1400 


region, where one polarized 
Raman line is observed, point groups (’, and S, predict four such lines and point 
group (,, no polarized lines. This evidence makes it appear that these point 
groups are unlikely for cyclooctane. 

Three structures remain for consideration. Two are in point group D,,, a 
“tub” form and a “butterfly * form, and one in point group D,, a distorted crown 
form (see Fig. 2). In the region below 1170 cm-'!, these structures. of all those 
examined, have predicted spectra which best agree with that which is observed 

The principal difference between predicted spectra for the two point groups is 
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that the /),, models have predicted spectra in which all infrared bands have 
Raman coincidences, whereas the spectrum for the PD), model indicates that of 
fourteen predicted infrared fundamentals below 1400 em ‘ four will not have 
Raman coincidences. In this region of fifteen observed infrared bands, thirteen 
have Raman coincidences, and the two bands that do not, occur sufficiently close 
to strong Raman lines to be possibly overlapped by them and hence unresolved. 
Though the ), distorted crown model cannot be completely excluded on this 


basis, the spectral evidence seems to indicate that one of the D,, models is more 
likely 

The main point of disagreement between the predicted spectra for the D,, 
models and that observed occurs in the 1170-1400 em~' region, where three 


D,, distorted crown butterfly 


Fig. 2. Some possible models of cyclooetane. 


Raman lines are observed and ten are predicted. Models consistent with the 
observed spectrum in this region show elsewhere very poor agreement with that 
spectrum and had to be eliminated. We presume that the several CH, twisting 
and wagging modes are either too weak to be seen or overlap considerably. Since 
the vibrational spectrum of cyclohexane contains only two Raman lines in this 
region, with two predicted, the likelihood of overlapping of bands could not be 
confirmed by the cyclohexane results. 

The choice between the two D,, models for cyclooctane rests on two pieces of 
evidence. The tub model predicts that one polarized Raman line associated with 
('—('—C' bond angle bending will be observed, where the butterfly model requires 
two such lines. One polarized Raman line, at 369 em~" is observed. Similarly, 
in the C—C stretching region the tub model predicts two polarized Raman lines 
and the butterfly model only one. In the observed spectrum there are two strong 
polarized Raman lines, at 698 and 759 cm~'. These two bands appear to be associa- 
ted with similar modes and presumably both are due to C—C bond stretching 
vibrations. This evidence seems to favor the tub model for cyclooctane. 

The other information comes from a study of the Raman spectrum of cyclo- 
octanone. If this molecule possesses a plane of symmetry about half its Raman 
lines should be polarized. If there is no element of symmetry all its Raman lines 
should be polarized. If the symmetry of the ring in the ketone is the same as that 
of the unsubstituted molecule, then if cyclooctane has the tub form there will be no 
plane of symmetry in the ketone, and all lines in the Raman spectrum should be 
polarized. If eyclooctane has the butterfly form a plane of symmetry can exist in 
the ketone and half the lines might be polarized. The polarization spectrum of 
cyclooctanone was obtained, and though it was of relatively poor quality, all 


taman lines appeared to be polarized. 


L114 


= 

+ 

+ - - 

i + + + 

D,,. crown | 

V 
15 
a 1959 

a 

‘= 

a 

Fe 


The v brational spectra and structure of cyclooctane 


This evidence, though not conclusive, seems to indicate that the tub model of 
the molecule, in point group D,,, is most probable for cyclooctane. We have there- 
fore made an assignment of vibrational frequencies on the basis of the tub model. 


Assignment of vibrational frequencies 


The predicted vibrational spectrum of the tub model of cyclooctane is given 
in Table 5. Since the spectrum is so complex, assignment of many of the frequencies, 
especially at the higher frequencies, must be regarded as tentative. 

In the Raman spectrum below 670 cm~' only the line at 369 cm! appears to be 
polarized. This is evidently the A, CCC parallel bending vibration. The diffuse 

taman lines at 480 and 515 cm~' have definite infrared coincidences and correspond 


Table 5. Predicted spectrum for tub model of cyclooctane 


Symmetry classes A, A, B, B, E 


C—H stretching (sym.) l l I l 2 
C—-H stretching (asym.) l l l l 2 
CH, bending l 2 
CH, wagging l 2 
CH, twisting l l l l 2 
CH, rocking l l l l 2 

C—C stretching 2 0 l l 2 

( CC bending l 2 2 l 2 
Spectral activity * RP I R R, IR R, IR 
Total 9 9 16 
* RP Raman active, lines polarized; I inactive; R Raman active; IR infrared active. 


to the B, and £ perpendicular ring-bending vibrations. On the assumption that 
the B,-vibration should be slightly more intense in the Raman spectrum (derived 
from a Raman active mode in D),,) the 480 cm~'! line is assigned to that mode 
and the 515 cm! line is assigned to class FE. No coincidences are observed for 
either the 329 or the 671 cm~! Raman lines. The B, perpendicular ring-bending 
mode is taken as 329 cm-~' since 671 cm~! seems too high for such a vibration. 
A B, and an £ parallel bending vibration are expected in the vicinity of 300 em~!. 
On the strength of its intensity the line at 292 cm~' is almost certainly one of 
these. Since a line appears in the Raman spectra of cyclooctane derivatives at 
243 (cyclooctanone, 242 cm~!; cyclooctene, 240 cem~!; methyl cyclooctane, 
246 cm~') this line is selected as the other fundamental. The stronger line at 
292 cm~' is assigned to the E-class on the basis of overtone assignments. The 
243 cm! line is then assigned to the B,-vibration. 

In the region between 670 and 1170 cm~! three strong polarized Raman lines 
are observed. The lines at 698 and 759 cm~! are assigned to the CC stretching 
frequencies: in cyclohexane this frequency occurs at 802 cm~!. The third polarized 
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line, at 1126em~', must be due to the CH, rocking vibration, which in cyelo- 
hexane was assigned at 1155 em~'. Bands appearing in the infrared and Raman 
spectra at 790, 853 and 955 cm~! are possibly CC stretching frequencies in the B,- 
and E-classes. A strong infrared band at 767 cm~', whose Raman counterpart is 
presumably masked by the polarized line at 759 em™', should be included in 
that group. The strong Raman line at 979 cm~' is most easily assigned as a 
B, CC stretching mode, since its infrared coincidence is weak. The By} C stretching 
frequency should occur near 979 em~! with the Raman line having good intensity, 
since both of these modes arise from the Raman-active Z,, mode in the ),, model. 


The B,-vibration is therefore taken to occur at 953 em '| ACH, rocking vibration 
in cyclohexane at 848 em~' implies that the cyclooctane band at 853 em~! is also 
due to a rocking mode: this band in the vapor spectrum shows what appears to be 
some PU R-structure, is moderately strong, and is reasonably assigned to the 
B,-class. With that assignment the bands at 767 and 792 cm~' are taken to be 
associated with the two CC stretching frequencies in class £. The two remaining 
class E rocking modes most likely occur at 1044 cm~' and 1085 em~', with some 
Fermi interaction possibly present. The remaining rocking vibration, in class B,, 
could be assigned at either 1030 or 1107 em~'. In cyclohexane a similar inactive 


twisting vibration has been assigned at 1109 em~' [9]: on this basis the 1107 em 


band is also taken to be due to a twisting mode, also in class B,, and the 1030 em~! 
band is then assigned as the B, rocking vibration 

In the region 1170-1400 em~' the CH, twisting modes are assigned at lower 
frequencies than the CH, wagging modes. There is one observed polarized Raman 
line, and it is assigned to the A, wagging mode. There is no polarized line that 
can be assigned to the A, twisting mode; on the basis of its intensity and broadness 
the 1200 em"! band is presun ed to consist of overlapping bands, one of which is 
due to the 1, twisting vibration In order to kee tL the B, twisting frequency near 
that of the related B, mode, assigned at 1107 em~', the infrared band at 1134 em~! 
is selected for that mode. The bands at 1230 and 1257 em~' are now assigned to 
the two remaining twisting vibrations in class &. The strongest wagging band in 
the infrared occurs at 1361 em~' and is probably in class £, by virtue of arising 
from an infrared-active vibration in the D),, model. If we presume that the B, 
and B, wagging \ ibrations, which arise from the same degenerate vibration in the 
D).. model, are close to one another, then assignment of the 1341 em~' band to the 
B, mode and the 1345 cm~' band also to the B, mode seems reasonable. The 
other EF wagging band is assumed to overlap the 1287 cm ' band: such an assign 
ment for this vibration is implied by some of the observed overtone bands 

In the region above 1400 cm~! definite assignment of frequencies is in most 
cases impossible, since very extensive overlapping of bands tends to occur in both 
the infrared and Raman spectra. In the CH, bending region the polarized line 
at 1462 cm~' is assigned to class A, and is assumed to contain an overlapping 
band in class FE, coincident with the 1467 em~! band in the infrared spectrum. 
The strongest Raman line in the region, at 1442 em~', is probably in part caused by 
the bending vibration in class B, and in part by the other class £ bending vibration, 
which should also give rise to the most intense infrared band in that region. The 
B, vibration, predicted to be weaker in the infrared, is assigned at 1475 em™'. 
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In the CH stretching region poor resolution forces assignment of all symmetrical 
stretching modes to 2855 cm~! and all asymmetrical stretching modes to 2925 em-, 
by analogy with cyclohexane. 

An assignment of the overtone bands consistent with the above assignment of 


fundamentals is given in Table 1. 


Acknowledgement—The writers are very grateful to the National Science Foundation for a 


grant in support of this work. 
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An infrared study of the out-of-plane C—H bending vibrations 
of monosubstituted naphthalenes* 


T. 8S. Wane and J. M. SanpDERS 
Diamond Alkali Company, Research Department, Painesville, Ohio, U.S.A. 


( Rece ived 20 Auquat 1959) 


Abstract—A study has been made of the infrared spectra of a number of 1- and 2-monosub- 
stituted napthalenes to determine the effect of the substituent on the characteristic bands in 
the out-of-plane C-—-H bending vibration region. In the 2-substituted napthalenes, frequencies 
of the out-of-plane C-——-H bending vibrations of the four adjacent hydrogen atoms on the un- 
substituted ring and of the two adjacent hydrogen atoms on the substituted ring are relatively 
constant. However, the out-of-plane bending vibration band of the isolated hydrogen atom on 
the substituted ring varies with the nature of the substituents on the 2 position. In the l-sub- 
stituted napthalenes, the ortho—para directing groups exert an effect on both rings therefore 
causing only a small frequency shift of the out-of-plane C--H bending bands. These effects of 
substituents are discussed with reference to current theories of bond structure of naphthalene. 


Introduction 
Ix the infrared spectra of monosubstituted naphthalenes certain characteristic 
bands appear in the 900-650 em~! region. These bands are associated with 
out-of-plane C—H bending vibrations, and by analogy with substituted benzenes, 


their positions in this region have been correlated with the number of adjacent 
hydrogen atoms on the two fused rings [1-3]. 


From an examination of Fig. 1 it is readily apparent that: 

(a) Naphthalene (I) is composed of two fused rings each of which has four 
adjacent hydrogen atoms. 

(b) 1-Substituted naphthalenes (II) have four adjacent hydrogen atoms on 
one ring and three on the other. 

(c) 2-Substituted naphthalenes (III) have on one ring four adjacent hydrogen 
atoms and on the other two adjacent hydrogen atoms and one isolated 
hydrogen atom. 

In the phenyl ring the C—H out-of-plane bending frequencies are determined 

almost entirely by the positions of the hydrogen atoms on the ring relative to each 
*Presented at the Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy, 

Pittsburgh, Pennsylvania, 2-6 March 1959. 

fl) R. N. Jones and C. Sanporry, Technique of Organic Chemistry Vol. IX. Chemical Applications of 
Spectroscopy p. 401. Interscience, New York (1956). 


2) L. Cence.s and D. Hanzi, Spectrochim. Acta 7, 274 (1955) 
3) N. B. Cournup, J. Opt. Soc. Am. 40, 397 (1950). 
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An infrared study of the out-of-plane C—-H bending vibrations of monosubstituted naphthalenes 


other, and not by the nature of substituents. There are, of course, some exceptions 
[4]. In the naphthalene nucleus, however, pi-electron localization occurs, and 
since all the C—C bonds are not of equal length, a substituent would be expected 
to exert more influence on one carbon atom than on another. This influence can be 
demonstrated by the extent to which certain shifts occur in the C—H out-of-plane 
bending frequencies of 1- and 2-substituted naphthalenes. The theoretical aspects 
of this observation will be discussed. 


Experimental 

The spectra were recorded by a Perkin-Elmer Model 21 double beam spectro- 
photometer, equipped with a sodium chloride prism. Most of the spectra were run 
in solution. Carbon disulfide was used in the region from 1000 to 650 em~!. The 
thickness of the cell was 0-2 mm and the solutions were 0-15 moles/l. Some spectra 
of insoluble materials were obtained in KBr disks. The chemicals examined were 
obtained from Eastman Kodak Company and were of sufficient purity to be used 
as received, 

Results and discussion 

The frequencies in the C—H out-of-plane bending vibration region of mono- 
substituted naphthalenes are listed in Table | and Table 2. For the sake of 
convenience the 2-substituted naphthalenes will be considered first. From Table 1 
it can be seen that the positions of the absorption bands attributed to the adjacent 
hydrogen atoms on both rings remain fairly constant. However, the band asso- 
ciated with the isolated hydrogen atom on the substituted ring seems to vary in 
position and intensity with the nature of the substituent. 

As an explanation for the variations noted, steric hindrance may be eliminated 
since all the hydrogens attached to both rings are in the same plane. Inter- 
molecular interaction may be ruled out because it was found that there were no 
significant frequency differences between spectra obtained from samples in the 
solid state and in dilute solution. It is from a consideration of the bond structure 
of naphthalene itself that an explanation of the observed variations may be found. 

As is well known, the electrons in the naphthalene nucleus show more localized 
character than those in the benzene nucleus. X-ray and electron diffraction 
analyses have shown that whereas in benzene the six C—C bond distances are all 
equivalent (1-40 A), in naphthalene the (,—C, bond distance is 1-36 A (shorter 
than any other bond) and the C,—C, distance is 1-39 A. PavLine [5] points out 
that in naphthalene the C,—C, bond has two-thirds double bond character while 
the C,—C, bond has one-third double bond character. Chemical evidence [6] shows 
that the hydrogen atom at C, is very reactive. On reaction with a diazotized amine 
in alkaline solution, for example, 2-naphthol couples exclusively at the C, position 


in preference to the alternate C, position. All the above considerations indicate 
that in naphthalene the hydrogen atom on C, is in a unique position. 

An examination of Table | shows that as the electron-donating character of 
the substituent decreases, the out-of-plane bending frequency of the isolated 


[4] L. J. Betxamy, The Infra-red Spectra of Complex Molecules p. 79. John Wiley, New York (1958). 
[5] L. Pautine, The Nature of the Chemical Bond pp. 142-143. Cornell University Press, Ithaca (1948). 
[6] L. F. Freser and M. Frieser, Organic Chemistry pp. 733-736. Reinhold, New York (1957). 
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hydrogen atom rises. For example, in the spectrum of 2-aminonaphthalene this 
band occurs at 835 em~!. If the amino group is replaced by a methyl group the 
frequency rises to 846 em~!. Coneurrent with this rise in frequency is a decrease 


Table 1. ¢ H out-of-plane bending \ ibration frequencies correlated with 


the number of adjacent hydrogen atoms on 2-substituted naphthalenes 


Isolated H lwo adjacent Hs Four adjacent Hs 


Substituent 


cm (cm (cm 


S46 m 


S48 Vs 


S40 vs 


S40 m 


COC! 
COOH 


very strong, §& strong, m medium 


Table 2. ¢ H out-of-plane bending vibration frequencies correlated with 


the number of adjacent hydrogen atoms on |-substituted napthhalenes 


Three adjace H’s Four adjacent Hs 


Substituent 
(cm } 


791 
792 
709 
StH) vs 
S05 m 
COOH S13 vw 
COOK! S04 vw 


very strong, nm medium, vw verv weak. 


in intensity of this band. It can also be seen that compared to the shift of the band 
due to the isolated hydrogen, the positions of the bands attributed to the adjacent 
hydrogens on both rings remain relatively constant. These observations lead to 
the conclusion that the influence of substituents makes itself felt mainly through 


the relatively localized double bond at C, and C,. 
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NH, 835 vs S05 s 7 
OH S368 S07 m 7 
CH,O 835 vs SO7 m 7 
CH, S00 vs 7 
S04 vs 7 vs 
Cl S07 vs 7 vs 
Br S07 vs 740s 
S62 vs S06 7H0 vs 
S62 m 777 vs iim s 
Note: vs 
VC Lie 
15 
19059 
NH, 784 vs 767 vs 
OH, 789 vs 767 vs 
CH,O 789 vs 769 vs 
CH, 78S vs 772 vs 
F 792 vs 766 vs 
br 789 vs 765 vs 
l 787 vs 765 vs 
765 vs 
767 vs 
77l vs 
771 vs 
769 vs 
782 vs 
780 vs 
Note: vs Ee 
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Consideration of the theory of orbital rehybridization, advanced to explain 
frequency changes in the spectra of substituted benzenes, may lead us to an 
explanation for the phenomena observed in the spectra of substituted naphtha 
lenes. Kross et al.|7] have pointed out that “in all bending vibrations the bonding 
orbital of the central atom tends to follow the direction of the outer atom. This 
tendency can be completely fulfilled for the out-of-plane C—H bending vibrations 
in unsaturated systems because the carbon sp? bond, in following the hydrogen 
atom enters the field of pi-electrons and through overlap with these electrons is 
transformed into a hybrid containing some sp® character. The more the carbon 
bonding orbital is able to follow the movement of the hydrogen atom by changing its 
hybridization, the more easily the vibration will occur, and hence relatively lower 
vibration frequencies should result. When the pi-electron concentration ts depleted 
by an electrophilic substituent. there is less tendency for the carbon bonding orbital 
to follow the attached hydrogen atom during the bending vibration. Thus the 
effective force constant for the C—H vibration is not sensibly reduced, and 
relatively higher C—H _ ber ding frequencies should result.”’ 

In proceeding to the case of naphthalene it is apparent that the situation here 
is somewhat different from that in benzene. The difference lies in the fact that in 
the benzenoid system the pi-electrons are delocalized, whereas in naphthalene the 
pi-electrons of C,—C, bonding orbital are relatively localized. When an electron 
attracting or donating group is present in benzene, the whole electronic arrange 
ment of the ring is affected because of the delocalization of the pi-electrons. But 
in naphthalene only the pi-electrons on the orbital of the C,—C, bond are easily 
affected by the substituent It therefore follows that changes in pi-electron density 
on the C,—C, bonding orbital will be manifested in changes in position and 
intensity of the absorption band due to bending vibration of the isolated hydrogen 
atom on 

This is illustrated in the spectra of the first four compounds listed in Table | 
in the order of decreasing electron donating power. Since an amino group is an 
electron donator, there is a maximum pi-electron density associated with the 
(,—C, bonding orbital in 2-amino-naphthalene. Consequently the tendency for 
the carbon bonding orbital to follow the attached hydrogen atom in the C, position 
is strong, and the C—H bending vibration would be expected to fall at the lower 
end of the frequency range. With the weaker electron donating methyl group the 
pi-electron density is deere ased. the tendency of the bonding orbital to follow the 
attached hydrogen is weakened and the C—H bending vibration falls at the higher 
end of the frequency range. Changes in intensity are also observed as we pass from 
2-amino- to 2-methyl-naphthalene. Kross [7] has shown that in benzene these 
changes in intensity are the result of the interaction of the dipole moment, given by 
pi-electrons, perpendicular to the molecular plane and the dipole moment pri duced 
by the C—H bond vibrating normal to that plane. Thus any effect on the pi 
electron density will be felt in the total dipole moment change. Our observations 
are in agreement with this concept. The intensity of the band attributed to the 
isolated hydrogen atom is found to decrease with a decrease in electron donating 


[7] R. D. Kross, V. A. Fassen and M. Marcosues, J. Am. Chem. Soc. 78, 1332 (1956). 
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power of the substituents as we examine the spectra of the first four compounds 
in Table 1. 


Proceeding from the weaker of the electron donating group to an electron 


attracting group, as in 2-chloronaphthalene we come upon an apparent contra- 
diction of all that has been said before, namely that the frequency and intensity 


of the out-of-plane bending bands vary with the electron donating or attracting 
properties of the substituent. In 2-chloronaphthalene, however, the intensity of 


the band attributed to the isolated hydrogen atom increases instead of decreasing, 
and, compared to 2-methylnaphthalene, there is little shift in frequency. A 
possible explanation may be forthcoming on again considering the case of sub- 


stituted benzenes. In their NMR study of various substituted benzenes, Corto and 


DaILEY [8] suggested that the ring carbon atoms are not apparently altered by 
halogen substitution. Also BeLtamy [9] in his study of the Hammett o-values 
states that the halogen atoms appear to behave as if they had a zero value. By 


analogy we might also assume that the same situation applies to 2-halogen- 


substituted naphthalenes, especially since 2-fluoro-, 2-chloro- and 2-bromo-naph- 


thalene all have the band associated with the isolated hydrogen atom near 849 


cm 

Within the family of the above mentioned three compounds there is a variation 
in intensity of the 849 em~! band, however. The intensity is strongest in 2-fluoro- 
naphthalene and weakest in 2-bromonaphthalene. It is believed that this variation 
might be interpreted as being the result of a competition between inductive and 
conjugative effects. 

In our observations the very strong intensity of the out-of-plane C—H bending 
band in the spectra of 2-fluoro- and 2-chloro-naphthalene might be a result of the 
predominance of the effect of conjugation, since this effect donates a charge to the 


ring. For example, in monochlorobenzene the electron density on the ortho and 


para position increases through conjugation [10, 11] 


cu’ Cl 


cu 


It seems reasonable to expect a similar situation in 2-fluoro- and 2-chloro-naph- 


thalene 


cL cL 


As we have seen previously, any change in electron density will influence the 


total dipole moment change, and for this reason, the band in 2-fluoro- and 2-chloro- 


naphthalene would be expected to be relatively strong because of the increase of 


charge on the position. 


8) P. L. Corto and B. P. Darcey. J. Am. Chem. Soc 78, 3043 (1056) 
9} L. J. Be amy. J. Chem. Soe. 2818 (1955). 
P. L. Con and B. P. j im. Chem. Soe 78, 3046 (1956). 
[11) L. F. Foeser and M. Fieser, Organic Chemistry p. 567. Reinhold, New York (1957). 
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In 2-bromonaphthalene it appears that the predominant effect is the inductive 
effect which results in a lowering of the electron density on C,. However, the effect 
is not strong enough to raise the frequency of the band assigned to the vibration of 
the isolated hydrogen atom, although the intensity of the band is weakened as 
compared with that of 2-fluoro and 2-chloronaphthalene. Corto and Datery [8] 
show that in bromobenzene there is also probably a predominance of induction 
over conjugation effect. 

2-Naphthoic acid, the final compound in Table | is a good example of a sub- 
stituent on C, exerting a strong resonance effect. The general pattern of the three 
absorption bands held throughout the series is disrupted in the spectrum of the 
compound. This is no doubt a result of the carboxylic group disturbing the whole 
electronic arrangement of both rings through resonance influence: 


Table 2 lists a number of |-substituted naphthalenes which we examined with 
respect to the behavior of their out-of-plane C—H bending vibrations. It is 
immediately apparent on examining Fig. 1 that the situation is now that of dealing 
with two rather than three groups of hydrogen atoms. In 1|-substituted naph- 
thalenes there are four adjacent hydrogen atoms on the unsubstituted ring and 
three on the substituted ring. Although the carbon atoms of both rings may have 
different electron densities, the hydrogen atoms vibrate as a group [12]. There is 
no isolated hydrogen ator in a unique position and hence no variable band in the 
865-835 cm~! region. Instead, two bands appear which are quite stable in position 
as can be seen in Table 2. This is believed to be the result of the effect of the sub- 
stituent being divided to a greater or lesser extent over both rings. However, the 
observation must be limited to substituents which have ortho—para directing 
character or exert basically an inductive effect by modifying the potential acting 
on the pi-electrons. A departure from stability in position and intensity of some 
absorption bands occurs when the substituent exerts a resonance influence on the 
molecule: 


om 


CoH 


+ 


1-Naphthoic acid and its ethyl ester are good examples. In the spectra of these 
compounds the positions of the two bands of interest are noticeably higher than 
those of the other compounds in Table 2. It is also apparent that the intensity of 
the bands associated with the vibrations of the three adjacent hydrogen atoms is 
drastically diminished, while the intensity of the band attributed to the four 


adjacent hydrogen atoms remains unchanged. 


L. J. J. Chem. Soc. 4225 (1955) 


om 
+ 
T Cc OH A ¥ OH Cc OH 
< 
¢ 
~OH 
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This is the result of resonance influence disturbing the electronic arrangement 
of the substituted ring, with its three adjacent hydrogen atoms, while the unsub- 
stituted ring is affected slightly, if at all 


Conclusion 
In 2-substituted naphthalenes the hydrogen atom on C, is in a unique position. 
The out-of-plane bending absorption band of this hydrogen atom varies in position 
and intensity with the nature of the substituent on C,. This variation can be 
explained by current theories of the bond structure of naphthalene and the 


hybridization theory as it applies to an aromatic ring. In contrast to the hydrogen 


on C,, the bands assigned to out-of-plane bending vibrations of the four adjacent 
hydrogens and the two adjacent hydrogens vary only slightly with respect to 
positions and intensities 

In l-substituted naphthalenes the substituent exerts an effect on both rings, 
substituted and unsubstituted. Since the effect is distributed over both rings, this 
effect is diminished, and the band shifts are small. The general pattern of the two 


bands is highly characteristic. 
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RESEARCH NOTES 


A low-temperature cell for the Perkin-Elmer Spectracord 4000 
(Received 20 August 1959) 


Wiru the increasing importance of low temperature measurement for the detailed analysis 
of the electronic and vibrational states of molecules in the solid state, there seems to be 
a genuine need for developing a quick, simple method for investigating such problems. 
A variety of low-temperature cells have been described in the literature {1} but usually 
they are relatively elaborate requiring either a special optical system or the modification 
of an existing instrument because of insufficient space in the specimen housing Accordingly : 
we have constructed a simple cell, shown in Fig. 1, capable of taking liquid nitrogen 
which may be used in a routine manner with an unmodified Perkin-Elmer Spectracord 
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Fig. 1. Diagram of low temperature cell. 


{la} M. O. McManon, R. M. Hatmer and G. W. Kune, J. Opt. Soc. Am. 39, 786 (1949). 
Ib} W. H. Duerie and L. L. Mapor, Rev. Sei. Instr. 28, 421 (1952 

le} R.C. Lorp, R. 8. McDonacp and F. A. Miter, J. Opt. Soc. Am. 42, 149 (1952) 
V. Ropers, J. Se. Instr. 32, 294 (1955). 
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4000 A. We use this for preliminary work before carrying out a detailed study with a 
liquid helium cell of the Malvern type [ld]. A rather more elaborate cell for use with the 
Cary recording spectrophotometer has been described by Geiger [2]. 

The cell consists of an outer copper can (diameter 4 cm, height 9 em) which has two 
2 em diameter quartz windows sealed via O-rings. A } in. diameter copper side tube, at 


OPR' 


SCREWED 
PLUNGER. 


Fig. 2. Miniature high vacuum tap. 


right angles to the optical path, leads to a miniature vacuum tap. The construction 
of this tap, which uses a neoprene membrane, is shown in Fig. 2. The top of the copper 
can is flanged to receive a 4 em O-ring. 

The crystal mounting is a copper “picture frame” clamp which is bolted to the liquid 
nitrogen can via a cylindrical block of copper. The can itself (diameter 2-5 em, height 


2-5 em) is made of thin copper and suspended from a 2 cm diameter brass flange by a 


2 em length of 5 mm bore German silver tube which is used for filling purposes. A parallel 
| mm bore German silver tube is included to act as a leak for escaping gas. The 2 em 
diameter brass flange is connected to the brass top plate (diameter 4-5 em) by a | em length 
of 2 em bore German silver tube. The thermocouples leads enter through an Araldite seal 
in the top plate The overall height of the cell is 10-5 em. 

The main problem with a cell of this size is to reduce thermal leakage. Originally the 
nitrogen can was connected directly to the top plate by a short length of German silver 
tube but this was unsatisfactory so the conduction path was lengthened as shown in the 
above design. Other improvements that we have found worthwhile are to use Paxolin 
for the ring which clamps the top plate O-ring seal and to chrome plate the nitrogen and 
outer copper cans. The clamping rings for the quartz windows are in matt black. 

The cell may be coupled directly to a vacuum line if the female of an Edwards’ } in. 
screwed union is soldered to the side arm of the vacuum tap. In this way a vacuum of 
10-*-10-° mm Hg is readily obtainable. Under these conditions the cell is capable of 
achieving a crystal temperature of 110°K when filled with liquid nitrogen. The 12 em* 
reservoir of liquid nitrogen is sufficient for 6 min operation without replenishment. 

The cell is accurately located in the optical path by fixing in a special cell holder which 
makes use of the existing mountings of the Spectracord. A general view of the cell in 
place in the Spectracord is shown in Fig. 3. If double beam operation is required, rough 
compensation may be obtained by attenuating the reference beam with a mounted iris 
diaphragm 

HENTLEY 
R. A. Forp 
Mullard Research Laboratories, 
Salfords, Surre England 
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A low-temperature stage for use with a reflecting microscope 
(Received 7 September 1959) 


In many studies of electronic spectra it is useful to obtain spectra of single crystals at low 
temperature. We describe here a low-temperature stage for use with a reflecting microscope, 
the objectives of which have magnifications of 52 and 74 respectively and a n.a. of 0-65. 
The working distance is about 7 mm and this is a limiting dimension of the cell. 

Fig. | shows a sectional view to scale and Fig. 2 an exploded view. A Dewar vessel (A) 
is the reservoir for the coolant, usually liquid nitrogen. Hypodermic tubing (B) (} in. o.d., 
thickness 0-032 in.), chosen for its polished bore, carries the coolant under gravity flow 
through an evacuated tube to the specimen. A gauze (C) over the entrance to the tubing 


Fig. 1. Sectional view to scale. 


stops the passage of ice particles which might otherwise interfere with the flow of liquid 
nitrogen. The wire handle (D) is for removal of the gauze. A copper annulus (E) supports 
the silica disk with the crystal and cooling is by conduction. Silica windows (0-010 in. thick, 
3 in. diameter) are sealed to the cell cover (F) by araldite. A locating pin, rubber ring (G), 
and two clamps are used to place the cover in the correct position. 

The microscope stage was replaced by a simpler stage which fits into the slot (H) on the 
cell cover. The Dewar vessel has a Teflon-impregnated copper ring on its base and is free 
to move over the surface of its mounting table. The whole assembly can then be moved 
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Research notes 


in two dimensions and the specimen can be centred in the microscope field The cell arm 
and Dewar vessel are evacuated by a rotary pump and liquid nitrogen is added to the 
reservoir. It was found necessary on humid days to blow compressed air over the windows 
of the cell to prevent condensation of water. The cell can then be operated for indefinite 
periods by keeping the reservoir topped up. 


The cell was constructed entirely from stainless steel with the exception of the copper 
annulus. The top part of the inside wall of the Dewar was thinned down to reduce thermal 
conduction and minimize icing up at the top and outside of the Dewar. Thin wall tubing 
(032 in.) connects the outer wall and the inner wall of the Dewar around the hypodermic 
tubing. The cell can then be dismantled without releasing the vacuum in the Dewar. 
The thin wall tubing also projects into the cell to minimize the thermal conduction between 


the hypodermic tubing and the outer tubing. 


Acknowledgement—We wish to thank Mr. J. JoHanNneson for his fine workmanship in the 
construction of the cell. 
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